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Abstract: Mid-infrared (mid-IR A ~ 3-12 um), single-mode-emission Quantum Cascade Lasers
(QCLs) are of significant interest for a wide range of applications, especially as the laser sources
are chosen for laser absorption spectroscopy. In this work, we present the design, fabrication and
characterization of multi-section, coupled-cavity, mid-IR quantum cascade lasers. The purpose of this
work is to propose a design modification for a coupled-cavity device, yielding a single-mode emission
with a longer range of continuous tuning during the pulse, in contrast to a 2-section device. This
effect was obtained and demonstrated in the work. The proposed design of a 3-section coupled-cavity
QCL allows for a single-mode emission with 35 dB side-mode suppression ratio. Additionally, the
time-resolved spectra of the wavelength shift during pulse operation, show a continuous tuning of
~3 em~! during the 2 ps pulse. The devices were fabricated in a slightly modified, standard laser
process using dry etching.

Keywords: quantum cascade lasers (QCLs); coupled cavities; wavelength tuning

1. Introduction

Single-mode emission is one of the crucial requirements for Quantum Cascade Lasers
(QCLs), which are compact laser sources of infrared radiation in the mid-IR range (3-20 pm)
and in the THz range (1-5 THz). This feature is particularly important in all spectroscopic
applications, such as industrial process monitoring [1], remote sensing [2], breath analysis
for medical diagnostics [3], or industrial process monitoring [2].

To date, the literature describes several approaches to obtaining a single-mode emis-
sion from QCL, such as distributed feedback (DFB) [4], external cavity (EC) [5], distributed
Bragg reflector (DBR) mirrors [6], injection locking [7], very short Fabry—Perot (FP) cavity
QCL [8] or photonic crystals resonators [9]. All of these solutions are possible to implement
experimentally; however, they either require additional or external elements (e.g., external
cavity), thus leading to systems sensitive to mechanical vibrations, or to the high cost of a
single device due to the complexity of processing technology (e.g., DFB).

Another solution that is used to achieve a single-mode operation of a laser is mono-
lithically coupled laser cavities. The 2-section coupled-cavity (CC) technique was originally
proposed in 1980s by L. A. Coldren et al. [10-12] and successfully applied to an AlGaAs-GaAs
interband, multiquantum-well laser. Therefore, a solution based on a monolithically inte-
grated, coupled-cavity design is proposed, which offers a relatively low fabrication complexity
while still yielding a single-mode emission. In our previous paper [13], we described a single-
mode emission from 2-section CC QCLs fabricated by focused ion beam (FIB) milling or by
inductively coupled plasma reactive ion etching (ICP-RIE). These devices were characterized
by a stable, single-mode operation and relatively high optical power. Additionally, a high
repeatability and high yield were achieved for CC QCLs fabricated by ICP. However, the
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devices suffered from relatively low mode-hop-free intrapulse spectral tuning (~1 cm™~1). The
purpose of this work is to propose a design modification, yielding a device that can emit
a single mode with a longer range of continuous tuning during the pulse, in contrast to a
2-section device. This effect was obtained and demonstrated in this work.

To overcome the shortcomings of 2-section devices, we proposed modifying the design
by introducing a third section (second optical gap). Based on calculations, it is expected
that adding a third section, significantly shorter than the two other sections, will result in
an increase in the intrapulse, single-mode tuning range, allowing a wider mode-hop-free
tuning range.

In this paper, we proposed a modified approach to coupled-cavity QCLs, based on
multisection (3-section) CC QCLs. The range of spectral tuning is very important from the
point of view of applications in optical sensing techniques based on the intrapulse tuning
of the laser emission [14]. In direct absorption laser spectroscopy, the emission line of the
laser source is swept (tuned) across the absorption line or several lines of gas [15,16].

2. Investigated Devices and Fabrication Technology

The investigated devices were AllnAs/InGaAs/InP, lattice-matched QCLs, grown by
molecular beam epitaxy (MBE) technology, designed for an emission at ~8.6 um [17]. The
QCL structures were grown using lattice-matched Ing.53Gag.47As/Ing.50Alp.4gAs active
regions based on a four-well, two-phonon resonance design. The layer sequence of one
period of the structure, in nanometers, starting from the injection barrier, was 4.0, 1.9, 0.7,
5.8,0.9,57,09,50,22,34,14,3.3,13,32,15,3.1,1.9, 3.0, 2.3, 2.9, 2.5, 2.9 nm. AllnAs
layers are denoted in bold. The underlined layers were n doped to 1.5 x 10! em~2. The
waveguide from the bottom side was formed by a low-doped InP substrate and from the
top by a 2.5 um InAlAs layer covered by a heavily doped InGaAs contact layer [18].

Fabrication technology of 3-section CC QCLs was based on the ICP—RIE technique.
The process was a slight modification of the standard fabrication process of double-trench
waveguide QCL [13,19].

The fabrication process was similar to the one described reported previously in [13].
A schematic illustration of the device fabrication process is shown in Figure 1. An optical
microscope image of a fabricated, 3-section CC QCLs heterostructure is shown in Figure 2.
In this paper, the following abbreviations were used when referring sections: short section—
SS, middle section—MS, and long section—LS.

Figure 1. Schematic of 3-section CC QCLs fabrication process: 1. Definition and etching of optical gaps
and trenches defining mesa, 2. Deposition of dielectrics, 3. Evaporation of metal contact and bonding.
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$5~100um ~ MS~500pm LS ~1400 pm

Figure 2. Optical microscope image of a 3-section CC QCLs heterostructure: (a) a part of processed
epitaxial wafer before cleaving, (b) close-up on single chip, and (c) close up of the optical gap between
MS and LS.

Multicomponent (methane-hydrogen-based) plasma was used for anisotropic etching
of the semiconductor heterostructure in the ICP—RIE reactor through a hard mask to
define two optical gaps of about 5 um width simultaneously with mesa. PECVD (Plasma-
Enhanced Chemical Vapor Deposition)-deposited, stress-compensated Si3Ny4 dielectric
film was “opened” in defined places by F-based dry etching to produce contact windows.
The electrical gaps in the vicinity of optical gaps were defined by a “lift-ff” of top con-
tact metallization (Ti/Pt/Au). The resulting contacts were thickened by galvanization
to several microns for mechanical robustness. The QCL chip processing was finalized
by the chemical-mechanical thinning of the substrate and deposition of lower contact
metallization (AuGe/Ni/Au).

3. Experimental Results and Discussion
3.1. Numerical Results

In our previous paper, we used a simple model for coupled cavities, treating them as
a system of two separate FP resonators, exhibiting total transmission. In such a system,
only the modes that occurred at frequencies (wavelengths) common to both cavities could
be transmitted. In other words, only those modes of longer cavities can propagate, which
are “selected” by the short cavity. One can think of the short section as the filter that selects
specific modes of long cavity. The selected modes are separated by the free spectral range
(FSR) of the short cavity. Such simplification of the description yielded results that were
in good agreement with experimental data. Our previous results showed that 2-section
devices performed well, demonstrating a single-mode operation. However, this design was
not appropriate for intrapulse absorption spectroscopy, as the emission exhibited jumps
between the modes selected by the short section. This detection method requires the stable
tuning of the laser line throughout the pulse duration. Thus, despite single-mode operation,
the tuning during the pulse was not continuous. This mechanism is presented in Figure 3.
The TRS (time-resolved spectrum) of 2-section CC QCL was registered for a pulse duration
of 1 ps. The discontinuity in the spectrum is clearly visible, following the spacing defined
by the short-section FSR.
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Figure 3. Time resolved wavelength tuning map registered for 2-section CC QCL operated with 1 ps
pulses at 5 kHz repetition rate [13]. CC BY 4.0.

Several test structures, with a cavity length of 2 mm and variable lengths of short
section, were fabricated; however, no satisfactory results were obtained. In the case of a
2-section device with a high length ratio of LS to SS (i.e., for very short SS), the effect of
discrimination of side modes was insufficient due to a relatively broad peak of transmission
of SS and smaller FSR of LS. The combination of three factors, namely broad gain, smaller
FSR of LS and broad SS transmission peak resulted in the multi-mode operation of device.

Following the conclusions from the experimental and numerical results of 2-section
devices, a modification was proposed to increase the mode-hope-free tuning range for
single-mode emission of CC QCL. The modification adds the additional selectivity of
modes by adding a third section to the system. The third, shortest section should be
short enough to have a large spacing between the allowed modes. The FSR of the middle
section should be larger than the FSR of the long section. Thus, the pair of modes at the
frequencies allowed both in middle and long sections are selected and transmitted by the
third, shortest section. The resonances of the system of three cavities will be present at
frequencies (wavelengths) defined by the SS frequencies.

The calculated transmission of the system of two and three resonators is shown in
Figure 4. In the upper panel of Figure 4, the optical microscope images for the top view of
investigated devices are presented; the 2-section device is shown on the left and 3-section
device is shown on the right. The location of optical gaps and the ratio of section lengths
are visible. The lower panel of Figure 4 shows the transmission of the system of FP cavities
(total transmission), as well as transmissions of individual sections.

Figure 4 presents how adding the third, shortest section affects the total transmission
of the system. There is a significant difference in the transmission of the system for 2- and
3-section devices. It can be seen that, in case of the 2-section device, the allowed modes
of the coupled system are spaced by less than 4 cm™!, in contrast to the 3-section system.
The experimental results of 2-section devices showed this separation of the modes in the
optical spectrum. In the case of the 3-section device, the side modes that are present in
the transmission are separated by the FSR of the shortest section. Thus, the shortest cavity
guaranties a single-mode operation by introducing a large separation between the allowed
modes of the system. This effect cannot be obtained by the 2-section design without a
significant reduction in the length of the long section.
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Figure 4. Upper panel: optical images of 2- and 3-section CC-QCLs. Lower panel: calculated transmission of F-P cavities of

QClLs: first row composite transmission of 2- and 3-section resonator; second and third rows transmissions of individual

sections (short and middle, respectively); fourth transmission of the shortest section in 3-section CC QCL. The section

lengths are: 100 pm, 500 um and 1400 um, for short, middle and long sections, respectively.

In summary, in the case of 3-section devices, one should expect significantly improved
mode-hop-free tuning range and suppression of the mode-hopping mechanism. Based
on results of calculations the following section lengths were chosen: 100 um, 500 um and
1400 pm, for short, middle and long sections, respectively. Devices following this design
were fabricated and characterized.

3.2. Experimental Results

To assess and prove the idea of a 3-section QCL, a series of devices were fabricated. To
confirm the performance and spectral behavior of the 3-section devices, detailed measure-
ments were performed. Characterization included standard light-current-voltage (L-I-V)
measurements [20], as well as spectral and TRS characterization [21]. Time-resolved spec-
tral measurements were used to specifically characterize the spectral tuning of the emission
during the pulse duration. This also demonstrated if the device emitted a single mode
during the whole pulse. Such an approach is used to characterize the shift of emission, as
an indication of intrapulse absorption spectroscopy applications [22]. Additionally, the
results of the temperature tuning of the CC QCLs are presented.

The L-1-V characteristics of investigated 3-section CC QCLs were performed in a
standard experimental set-up [23], with a TE-cooled Mercury-Cadmium-Telluride (MCT)
detector. The temperature of the device was stabilized at 20 °C to minimize the effect
of ambient temperature on spectra and stabilize device parameters. Figure 5a shows
L-I-V curves for the device operated in pulse mode with a 200 ns and 5 kHz repetition
rate. For comparison, the L-I-V curves for the FP laser are also shown. The FP laser was
fabricated from the same wafer in the same fabrication batch. The unmodified, FP device
was processed as a ridge waveguide design with a ridge width of 18 pm and 2 mm cavity
length. The threshold current of 3-section CC QCL is comparable with the threshold current
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of a standard FP laser. This indicates that the introduction of the optical gap and mirrors
formed by dry etching does not result in a significant increase in cavity losses. The process
of dry etching of the optical gap was carefully optimized to reduce possible losses due to
imperfections of the mirror surface. Figure 5b shows the comparison of spectra of an FP
cavity device (black line) and 3-section CC QCL (red line). The inset in Figure 5b shows a
single-mode operation spectrum of investigated devices measured at a current equal to
1.3 Iy, presented in a logarithmic scale. The side-mode suppression ratio is 35 dB.
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Figure 5. (a) L-I-V characteristics of 3-section CC QCL measured at room temperature (red line). For comparison: L-I-V
characteristics of F-P device (black line); (b) comparison of spectra of 3-section CC QCL (red line) and FP device (black
line). Spectra were measured at 1.3 Iy, (1.5 A) at RT. The inset shows a single-mode operation spectrum measured at 1.3 Iy,
presented in y-log scale showing 35 dB side-mode suppression ratio.

The spectra were measured using Fourier Transform Infrared (FTIR) spectrometer
(Nicolet 8700) with a liquid-nitrogen-cooled, photovoltaic MCT infrared detector placed
inside the spectrometer. A single-mode operation measured at room temperature for a
current of 1.3 Iy, was recorded at ~1142 cm~! (8.75 um). Spectra show clean, single-mode
emissions with a side-mode suppression ratio (SMSR) of 35 dB (Figure 5b).

3.2.1. Temperature Tuning

To verify that the 3-section QCL emits a stable single mode at various temperatures
of operation, temperature tuning measurements were performed. The temperature of the
device was changed by the TE element in the range from 10 °C to 90 °C. Figure 6 presents
spectra registered at different temperatures. A single-mode emission was observed in the
whole temperature range. The total tuning range was ~7 cm™!, resulting in a temperature
tuning coefficient of 0.08 cm~! /K. Spectra show no indication of side modes switching on
during operation at elevated temperatures.

3.2.2. Intrapulse Tuning-Time Resolved Spectra

To record how the optical pulse evolves during the pulse, TRS measurements were
performed. TRS spectra were registered for different pulse durations: 200 ns, 500 ns, 1 us
and 2 ps.

Figure 7 presents TRS spectra vs. pulse duration. In all cases, a 3-section CC QCL
emits a single mode with no mode hopping. Additionally, no evidence of side modes is
visible. This result experimentally confirms that introducing the third section improves the
stability of the device in terms of the mode-hop-free wavelength tuning.
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Figure 6. Emission spectra of 3-section CC QCL operated at a constant current 1.3 Iy, and various heat

sink temperatures. Inset shows the single-mode emission shift: wavenumber vs. heat sink temperature.
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Figure 7. Emission spectra of 3-section CC QCL operated at a constant current 1.3 Iy, and various heat sink temperatures.

Inset shows the single-mode emission shift: wavenumber vs. heat sink temperature.

The lower row in Figure 7 shows normalized spectra extracted from the map. The TRS
mode of spectral measurements is particularly well-suited for the characterization of light-
emitting devices that undergo tuning during the operation. As the spectrum registered in
rapid or step-scan modes is an averaged snapshot of the optical pulse, it appears broadened,
or even in a multimode, depending on the resolution of the spectrometer and device design.

Figure 8 presents the tuning of the optical spectra for various pulse durations extracted
from data presented in Figure 7. In case of the longest pulses, it can be observed that the
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wavelength shift is nonlinear in time, as is expected considering the thermal properties of
semiconductor lasers.
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Figure 8. Tuning of the wavelength as extracted from the emission TRS spectra of 3-section CC QCL
operated at a constant current of 1.3 Iy,. The tuning rates are presented for various pulse durations.

Figure 9 presents a comparison of time-resolved experimental spectra and the calculated
transmission of a system composed of three FP cavities. The tuning of transmission during the
pulse was realized by assuming the change of refractive index. Calculations were performed
to show how the transmission spectrum changes with the change of the effective refractive
index for 3-section QCLs. The linear variation of the refractive index was assumed for the
calculations. This calculation represents thermal tuning occurring during pulse (internal
heating) or the change in the temperature of the device (external heating).

Experimental Results Numerical Results
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Figure 9. Comparison of experimentally registered emission spectrum of 3-section CC QCL and
numerically calculated transmission of three F-P elements system.

4. Conclusions

In this work we introduced a modified, coupled-cavity device, consisting of three sections,
with two optical gaps. This modification yielded devices emitting a single mode with a longer
range of continuous tuning during the pulse, in contrast to a 2-section device. This effect was
demonstrated and characterized in the work. We designed and fabricated a 3-section CC QCLs
offering continuous intrapulse wavelength tuning, as opposed to a 2-section design, which
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we proposed and fabricated in previous work. The total tuning of 2.8 cm~! was obtained for

a 2 us pulse width. The device operates at elevated temperatures. The improvement in the
range of continuous spectral tuning for a 3-section device is compared to a 2-section laser.
The third section significantly improved the performance of the laser in terms of the range of
mode-hop-free intrapulse wavelength tuning.
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