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ABSTRACT

Interband cascade lasers (ICLs) are becoming increasingly valuable in mid-infrared applications due to their low power consumption and
compatibility with silicon photonic integration, particularly for trace gas sensing. ICLs have demonstrated room-temperature continuous-
wave operation in the 3-6 um range, with excellent performance around 3.3 um. A key factor limiting ICL performance at longer wavelengths
is optical loss, i.e., caused by the intervalence band transitions. These losses increase with hole concentration in the active region, leading to a
pronounced current-dependence of the optical losses in ICLs. Conventional methods that infer optical losses from length-dependent varia-
tions in parameters such as slope efficiency or threshold current require the assumption of constant optical loss. In this study, we present a
direct optical transmission measurement technique to determine waveguide losses. Our experiments confirm strongly increasing waveguide
losses with current density, directly impacting the quantum efficiency of ICLs. This approach offers a precise evaluation of optical losses and
bears a functional alternative compared to traditional methods, addressing the limitations of assuming constant losses and providing
enhanced insight into ICL performance across various wavelengths.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0243370

Interband cascade lasers (ICLs)' ~ are becoming prominent as
efficient and reliable laser sources in the mid-infrared spectral region.
They are especially appealing for applications requiring portable and
compact systems, such as trace gas sensing, due to their low threshold
current densities and minimal power consumption.” ® The ability to
heterogeneously integrate ICLs onto silicon substrates allows leverag-
ing low-cost CMOS technology, which significantly advances the
development of photonic integrated circuits.” These lasers have dem-
onstrated continuous-wave operation at room temperature in the
GaSb material system, particularly within the 2.8-6.2 um wavelength
range and even above when grown on InAs.” '* However, optimal per-
formance is typically observed in the 3—4 um range."” Improving the
efficiency of ICLs outside this “sweet spot” remains challenging but is
highly relevant for applications targeting gases with strong absorption
features in this region, such as CO,, CO, N, 0, and SO,.! e

To improve the performance of an optical device, such as an ICL,
it is necessary to either engineer the gain properties of a medium or

limit the optical losses. The latter can result from several sources.
Namely, the active region comprising several layered stages, n-GaSb
separate confinement layers (SCLs), two cladding layers that surround
SCLs as well as absorption and scattering effects occurring within the
structure.” The most prominent mechanisms that have an influence
on the performance of ICLs are (1) free-carrier absorption, (2) multi-
hole Auger effect, which, according to the theoretical discourse,
strongly depends on the valence band structure creating resonances,
and (3) intersubband absorptive transition within a valence band."”

In this study, we further emphasize the relevance of current-
dependent optical losses and the necessity for their precise quantifica-
tion to provide accurate guidelines for future device optimizations.
Figure 1(a) shows the simulated band diagram of a typical ICL.
Following the optimization strategy of Ref. 18, the electron injector is
typically highly doped with donors to balance the electron and
hole carrier concentrations in the laser levels. Consequently, the num-
ber of electrons per cascade is significantly larger than that of holes.
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FIG. 1. (a) Simulated band diagram of a typical interband cascade laser. (b) Electron (blue) and hole (red) sheet density per cascade as a function of bias current density.
(c) Simulated valence band absorption of a representative device with a 3nm thick GalnSb layer. Wavelengths of three DFB ICLs used for measurements, namely, 3.8, 4.6,
and 5.4 um, are marked with dashed lines and colors blue, green, and red, respectively. With the black dashed line, the emission wavelength of a sample is indicated as
3.3 um. The gradient color bar represents the calculated increase in current applied to the sample under test, up to the lasing threshold Jj. (d) Scheme of a measurement

setup with DFB ICLs wavelength indicated with colors corresponding to the subfigure (c).

Figure 1(b) shows the electron and hole sheet density per cascade as a
function of bias current density. At low bias currents, the hole sheet
density is negligible, and the electron sheet density is determined by
the electron injector doping. As the bias increases, additional electron-
hole pairs are generated at the semi-metallic interface, leading to an
increasing hole concentration. Due to intersubband transitions within
the valence band, we expect that the increasing number of holes will
also result in a corresponding increase in optical losses. Furthermore, a
strong wavelength dependence is expected due to the resonant nature
of intersubband transitions.'” Figure 1(c) presents valence band
absorption simulated with a self-consistent transport model, presented
in Refs. 19 and 20.

To date, the measurement of losses in ICLs has primarily relied
on plotting the inverse quantum efficiency 1, as a function of cavity
length L. In this approach, optical losses and internal quantum effi-
ciency are extracted from the slope and y-axis intercept of a linear fit
to the experimental data, assuming that both parameters remain con-
stant across all measured devices. Apart from the fact that this tech-
nique is highly susceptible to device-to-device variability,
systematically incorrect results are obtained for non-constant optical
loss. The limitations of this method apply also to other laser types,
such as quantum well lasers and quantum dot lasers.”’ **
Unfortunately, it is not straightforward to generalize the length-
dependent characterization techniques to current-dependent optical
losses: only two parameters can be extracted from the linear fit, and
thus, the method is generally under-determined if the optical loss or
the internal efficiency is not constant.

Here, we present a direct transmission measurement to obtain
the optical losses of an ICL for various wavelengths. Three wavelengths
selected for the measurement are marked in Fig. 1(c) with colored
dashed lines in blue (3.8 um), green (4.6 um), and red (5.4 um). The

black line indicates an emission wavelength of the sample under test
(3.3 um). Hence, all measurements were carried out using distributed
feedback (DFB) ICLs of wavelengths higher than one of the sample
under test. The probed ICL was grown on GaSb substrate using molecu-
lar beam epitaxy and consisted of five stages with an active region of
InAs/GaInSb/InAs W quantum well (W-QW) (60% Ga content, GaInSb
thickness 3 nm). We confirm the current-dependent increase in inter-
valence band absorption, its strong wavelength dependence, and, conse-
quently, the necessity of a more careful optimization of ICLs regarding
optical losses.

To perform direct waveguide loss measurements, a dedicated
experimental setup was assembled according to Fig. 1(d). It consists of
a DFB ICL as a wavelength tunable single mode source, a chopper, fre-
quency locked to a lock-in amplifier (Zurich Instruments), and a set of
aspheric lenses with anti-reflective coating (Thorlabs, f=1.873 mm,
NA =0.85, WD = 0.34 mm). It is important to underline the relevance
of good beam quality. For this reason, an infrared camera was utilized
(Pyrocam IV, Ophir Spiricon) for alignment. An HgCdTe (MCT)
detector (VIGO Photonics) was used to collect the measurement sig-
nal. The light was coupled into the sample and subsequently coupled
out using the above-mentioned high numerical aperture lenses. An ini-
tial alignment of the setup was performed without the sample, but
with in- and outcoupling lenses placed in their working distance.
Beam quality was checked and monitored at multiple stages assuring
an optimal alignment. Later, the ICL sample was placed. Using the
sample as a detector, we were able to align it to the first part of the
setup. The outcoupling lens was placed such that we obtained again a
good beam quality and a maximized signal on the MCT.

Direct measurement of waveguide losses is performed in the fol-
lowing fashion. The current applied to the DFB ICL source is swept,
which results in a slight tuning of the wavelength of the emitted light
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in a well-characterized manner. As a consequence, fringes appear in
the signal transmitted through the ICL sample under investigation.
Using the well-established method of analysis of Fabry-Pérot fringes, a
mathematical model was created and used for fitting the curves.”**”
Consequently, waveguide losses are extracted as a parameter from both
the fringe contrast and the signal attenuation. Measurements are per-
formed with increasing bias applied to the ICL sample under test until
the threshold is reached, as shown in Fig. 2. To better understand this
measurement, let us take a closer look at Fig. 2(a). For a given wave-
length of a DFB ICL, in this case 3.8 um, one can observe that the
fringes start to appear already at 0mA point (the lightest blue color).
Both the fringe contrast and the signal amplitude decrease with increas-
ing current density of the ICL under test. This behavior confirms the
expected increase in the optical losses with current. In Figs. 2(a)-2(c),
increasing current is represented through the darkening color gradient
at various probing wavelengths. With increasing current applied to the
ICL sample under test, its temperature increases. However, it was found
to have a negligible influence on measured optical losses. An exact

Wavelength (nm)
3749 3751 3753

3755
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description of the measurement, together with an appropriate figure
(Fig. S1), is presented in the supplementary material.

In order to confirm the expected wavelength dependence of inter-
valence band absorption, we selected two additional wavelengths
(4.6 and 5.4 um) for our investigation. Following the simulation results
presented in Fig. 1(c), we expect the smallest impact of intervalence
band absorption at 3.8 um and the largest impact at 4.6 um. This influ-
ence is well pronounced in Fig. 2(b), where the fringes disappear
completely for higher current densities, confirming the expected larger
intervalence band absorption around 4.6 um. One can further see that
already at 0 mA probed by 4.6 um (the lightest green color), the fringe
contrast is lower than for 3.8 um. At 0 mA, no holes are present in the
ICL active region, and thus, we expect that intervalence band absorp-
tion is negligible. Hence, the decreased fringe contrast can be related
purely to the increased free-carrier absorption at longer wavelengths.
As a further confirmation, the transmittance of the measured signal is
less than half of what it was for 3.8 um. Finally, as shown in Fig. 2(c),
for 5.4 um already at the starting point, almost no fringes are visible,
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FIG. 2. Subfigures (a)—(c) present Fabry—Pérot fringe measurements for wavelengths of 3.8, 4.6, and 5.4 um, respectively. Colored bars in the bottom right corners show the
gradient of increased current (from 0 to 40 mA) applied to the ICL sample under test. Solid lines show measured data, while dashed lines show the fitting. Subfigure (d)
presents optical losses with respect to the current density of the ICL sample. All three measurements are combined and displayed with corresponding colors.
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diminishing entirely with increasing current. Nevertheless, the optical
losses can still be extracted in the absence of fringes through the atten-
uation of the signal. While the optical losses at 0 mA further increased
due to increased free-carrier absorption, the current-dependent
increase in the optical losses is smaller compared to 4.6 um.

Quantitative waveguide losses derived from these measurements
are presented as a function of current density in Fig. 2(d). According
to Fig. 1(c) and simulations conducted by the authors of Ref. 19, for
the structure with the 3nm thick GalnSb layer, the most significant
absorption change is anticipated at approximately 4.6 um, with a
rapid decline in absorption is observed at shorter wavelengths.
Conversely, for wavelengths exceeding 5 um, an increase in absorption
is expected to plateau with increasing wavelength.'”'? The variations
in losses within each single-wavelength dataset shown in Fig. 2(d)
(0t7—omA — G—4oma) are compiled in Table I as a parameter Ay,
which correlates with the valence band absorption characterized in the
aforementioned study. The maximum Aoy, is observed at the 4.6 um
wavelength, while values at the two other wavelengths exhibit a
decline. Nonetheless, for wavelengths greater than 4.6 um, Ao exp
remains elevated compared to those at shorter wavelengths, with val-
ues of 5.5 at 5.4 um compared to 2.7 at 3.8 um. These findings are in
strong agreement with the simulation results represented by Ao,
providing experimental validation of the model. Experimental and
simulated values for wavelengths of 3.8 and 4.6 um match nearly per-
fectly, while for 5.4 um, a deviation is observed. This results from
almost no fringes appearing in the measurements, where the losses are
extracted mainly, thanks to the signal attenuation. Moreover, for all
three wavelengths, at 0mA bias (Table I, oj—gma), losses follow the
expected dependency of free-carrier absorption derived from the
Drude model and scale with expected 2*.”° It is worth mentioning
that, according to Refs. 19 and 10, the absorption changes depending
on the thickness of the GaInSb layer. Around 4 ym wavelength, where
the peak of absorption is observed, absorption increases with the layer
thickness. However, above 5 um, the trend is opposite. Moreover, also
the Ga;_,In,Sb composition plays a role.

In the following, we aim to provide more insights as to why the
length-dependent loss measurement method leads to incorrect results
when applied to an ICL with current-dependent loss. The method is
based on the assumption that the inverse external quantum efficiency
1q scales linearly with the cavity length L, via

-1 _ -1 Ol
g =1 (H_iln(l/R) Lc)7 (1)

where R is a facet reflectivity coefficient. This equation is exact if both
the internal quantum efficiency #; and the total waveguide losses o,

TABLE I. Comparison of optical losses without applied bias (0 mA) and with the max-
imum bias below the lasing threshold for three different measured wavelengths: 3.8,
4.6, and 5.4 um. Ao presents the increase in losses obtained experimentally,
while Ac;,,, presents the change of losses extracted from the simulation [Fig. 1(c)].

A Ol1=0 mA Ol1=40 mA Aoty Aot
(pm) (em™) (em™) (em™) (em™)
3.8 5.4 8.1 2.7 2.6
4.6 7.5 15.5 8.0 7.7
54 10.2 15.7 5.5 3.7
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are constant over all devices. Device-to-device fluctuations would lead
to statistical errors, but non-constant parameters, such as current-
dependent losses, would lead to systematic errors in the parameter
extraction.

In order to apply the method to lasers with current-dependent
loss, Eq. (1) needs to be adapted.”” Previous work suggested extracting
the external quantum efficiency not from the slope efficiency close to
the threshold but at the same current density in all devices.”® However,
in the presence of valence band absorption, this simple correction is
not sufficient. Due to gain clamping above the threshold, we expect
that the hole density in the W-QW is no longer increasing with the
current or at least not as rapidly as below the threshold. Hence, we
expect that above the lasing threshold, the losses in ICLs are predomi-
nantly defined by the losses at the lasing threshold. It is necessary to
convert the loss as a function of current density a(J > J) = o(J) to
the loss as a function of length «(L.), which is possible in our self-
consistent numerical simulation model for ICLs.”” From our model,
we found that the length-dependent losses can be well described by the
characteristic function o(Lc) = o, = 0,00 (1 + Lyp/Lc). The param-
eters oyb oo and Ly, (valence band losses at very long cavity lengths) are
unknowns to be defined through the length-dependent measurements.
Inserting this relation into Eq. (1) results in the generalized equation
for ICLs with valence band absorption,

1 _ —1 (ac + avb,oo)K .
ng' = (mx) {1 + TR R Lc} with
Oy Lvh ! (2)
Oy = O + Olyh and K:(l-i‘m) .

Unfortunately, from length-dependent measurements, only two
parameters can be extracted. Equation (2) suggests, however, that mea-
suring a series of devices with different lengths as well as different coat-
ings would enable the deterministic estimation of #;, oy, and (o Lyb ).
Here, o, describes the total wave guide loss of a very long device, pro-
viding the lower bound of the waveguide loss. The loss for a specific
length, however, cannot be determined, as only the combined parame-
ters oty = 0 + oyp and oy Ly, can be estimated.

If the effect of increasing losses is neglected, we directly see from
Eq. (2) that both the waveguide loss for a long device and the internal
quantum efficiency are underestimated by the same factor x, which
can be seen as a correction factor. Based on our model, we can estimate
this correction factor to be in the range of 0.6 — 0.9, depending on the
strength of the valence band absorption. These factors explain why
very low internal efficiencies have been reported for ICLs before.'”'***
It suggests instead that the internal efficiency remains high, and that
future development of ICLs should be focused on loss optimization.

In conclusion, we performed direct transmission measurements
to investigate current-dependent losses in ICLs. Our results confirm
the significant impact of intervalence band absorption, with the most
significant losses observed at 4.6 um, and highlight the need to address
the current-dependent optical losses. Additionally, we demonstrated
that traditional length-dependent methods underestimate internal
quantum efficiency due to their inability to account for current-
dependent losses. Future efforts should focus on reducing optical losses
for enhanced ICL efficiency across all wavelengths.

See the supplementary material for a detailed description of a
temperature-dependent optical loss measurement.
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