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Mid-infrared semiconductor laser frequency combs:
From FM-combs to Nozaki-Bekki solitons
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Optical frequency combs (OFCs) stand as the cornerstone of modern optics, with
applications ranging from fundamental science to sensing and spectroscopy. Generation of
short optical soliton pulses in passive media such as optical fibers and microresonators has
been an established technique for stable OFC formation with a broad optical spectrum —
however these platforms are driven by an external optical signal and often rely on
additional bulky elements that increase the complexity of the system.

Here, we aim to overcome these difficulties by direct OFC generation in mid-infrared
semiconductor lasers, such as quantum and interband cascade lasers. After a general
introduction to such combs and their nonlinear dynamics, the soliton concept from
microresonator Kerr combs will be generalized to active media that are electrically-driven
and a new type of solitons in free-running semiconductor laser integrated on a chip will be

demonstrated.
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Figure 1 a) Ring laser device with the active coupler waveguide. b) Experimental and simulated c) free-
running soliton. The soliton spectrum is displayed in the top, showing a strong mode surrounded by a smooth
spectral envelope comprised of weaker sidemodes. The corresponding intermodal phases, given below,
indicate a m jump between the sidemodes and the strong mode. The temporal phase profile is plotted in the

bottom.

[1] D. Kazakov, et al., arXiv:2206.03379 (2022). [3] M. Piccardo et al., Nature 582, 360 (2020).
[2] N. Opacak, et al., Phys. Rev. Lett. 127, 093902 (2021).
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Pulsed lasers have been the workhorse of ultrafast optics since their advent and rapid
development throughout the 20th century, revolutionizing a wide variety of fields from
spectroscopy to tattoo removal. Over the past twenty years, pulsed laser sources have
shrunk from tabletop laboratory setups down to micron-sized chips, making them ideal
components for integrated photonic devices. Despite this miniaturization, chip-scale pulsed
laser sources have eluded the mid infrared (IR) spectral region. Active mode-locking of
mid IR semiconductor lasers—such as quantum cascade lasers (QCLs)—has produced
pulse widths on the order of 6 picoseconds [1]. Pulse compression techniques can be
utilized to shrink these pulses to hundreds of femtoseconds [2], but rely on large optical
setups that cannot be scaled down. Here, we present a fundamentally new way to produce
bright pulses of mid IR light by optically pumping ring QCLs. This technique unifies the
physics of passive, Kerr microresonator combs and ring QCLs [3]. Using a modified
racetrack QCL with an integrated directional coupler, we injection-lock the unidirectional
laser field circulating in the racetrack to a commercial external cavity QCL. Much like in
Kerr microresonator combs, when the injection-locked field is detuned from its natural
cavity resonance, the resonance becomes bistable, with its unstable branch supporting
bright solitons with pulse widths of ~1 picosecond at a center wavelength of 8 um. This
method of pulse formation is well-suited for lasers with fast gain dynamics, which
encompasses the entire family of QCLs, spanning from 3 um to 300 um. Furthermore, the
optical drive can, in principle, be integrated with the racetrack, providing a route for on-
chip, ultrashort pulse formation throughout the entire mid-IR.

[1] J. Hillbrand, et. al., Nat. Commun. 11, 5788(2020).

[2] P. Taschler, et. al., Nat. Photon. 15, 919-924(2021).

[3] L. Columbo, M. Piccardo, et. al., Phys. Rev. Lett. 126, 173903(2021).
* Author for correspondence: tletsou@g.harvard.edu
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Figure 1: Unifying Kerr Microresonators and Ring Quantum Cascade Lasers (QCLs). Kerr
microcombs form by coupling continuous-wave (CW) optical fields to passive microresonators. The
resonator’s strong non-linearity promotes the production of parametric sidebands which phase-lock
via four-wave mixing. Ring QCLs can either operate as stable, single-mode lasers, or as multimode
frequency combs depending on their dispersion and non-linearity. In free-running ring QCLS, pulse
formation is prevented by fast gain recovery times. This limitation can be bypassed if the ring QCL
is coherently-driven with an external laser source. To couple the external optical drive to the ring
QCL, we utilize a racetrack (RT) geometry, where light is coupled to the RT using a waveguide
directional coupler (WG). We use an integrated heater (HT) to finely tune the cavity resonance of
the RT. When the field circulating in the RT is locked to the external laser, the resonance becomes

bistable, with its unstable branch supporting bright solitons with pulse widths of ~1 picosecond at a
center wavelength of 8 um.

Dissipative cavity solitons are stable, single-peaked waveforms that maintain their shape
while propagating through a nonlinear and dispersive medium at constant velocity. In the
frequency domain, optical solitons constitute frequency combs, where the spacing between
frequency components is locked down to one part in 10*2. Dissipative solitons form
through the delicate balance of both dispersion and nonlinearity, as well as gain and loss.
One way to form bright solitons is to pump a high-quality (Q) factor, passive
microresonator possessing anomalous dispersion with a strong, continuous-wave (CW)
optical field. Upon sweeping the field frequency through the cavity resonance, the input
field undergoes a modulational instability and may form a bright soliton once it is
effectively red detuned from the cold cavity resonance. These so-called ‘Kerr soliton
microcombs’ can span across the visible to the near-infrared, often covering a full spectral
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Full-band modeling of AM and FM interband cascade laser
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Compact and efficient mid-infrared (MIR) frequency combs are expected to find
widespread use in chemical sensing applications, such as on-chip spectroscopy of toxic
substances [1]. While most of the experimental MIR laser comb work has involved quantum
cascade lasers (QCLs), interband cascade lasers (ICLs) operate cw at room temperature in
the 3-4 um spectral range, which remains difficult for QCLs, and also promise significant
reductions in the operating power throughout the MIR spectral range. Furthermore, owing to
the long carrier lifetime in an ICL, both passive mode-locking with short pulses (AM) and
quasi-cw (FM) comb generation should be possible.

In spite of these promising characteristics, only FM combs based on ICLs have been
demonstrated to date. In order to clarify the physical requirements for both AM and FM
operation, we have developed a multiscale numerical model that efficiently solves the
Maxwell-Bloch equations for the full subband dispersion in the ICL’s active type-1l wells
over a time period of ps. We compare the results of this model to those derived from the two-
level approximation relevant to QCLs [2], and evaluate the importance of such parameters as
the second-order and higher-order group velocity dispersions, saturable absorber length and
recovery time, ambipolar diffusion coefficient, and polarization relaxation time
(homogeneous gain broadening linewidth). We determine the optimal design parameters for
experimentally demonstrating both passively mode-locked and FM ICL combs, and outline
how they can be realized in practice.
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Figure 1. Frequency comb output due to the frequency modulation in an ICL: a) output power; b) output
signal modulation spectrum and the intermodal phase difference.

[1] Sterczewski, L. A. et al, Opt. Lett. 44,2113 (2019). [2] Opacak, N. et al, Phys. Rev. Lett. 123, 243902(2019).
* Author for correspondence: 1. Vurgaftman, e-mail: MWIR_laser@nrl.navy.mil
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The electromagnetic field is simulated in the slowly varying envelope function
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where A* are the counter-propagating electric-field amplitudes, §; = Re(d‘k/dw") are the
group-velocity dispersion (GVD) coefficients, I' is the mode overlap factor, w is the well
width, P* are the amplitudes for dipole polarization and « is the absorption coefficient.

The ICL active region is based on a type-I1 quantum-well heterostructure. Contrary to QCLSs,
the optical transition energy varies significantly with the electron/hole in-plane wavevector
k, so the dipole polarization is a sum of contributions of different k:

Kmax
Pt = j d*(k)p*(k)(27k)dk , where d(k) and p(k) are the dipole moment and polarization,
0

respectively. Therefore, to model an ICL it is necessary to know the distribution of electrons
and holes over the Brillouin zone at any moment in time. Modeling a non-equilibrium
electron gas distribution in both real and momentum space is still a challenging task, so four
major assumptions have been made: (1) local charge neutrality; (2) electrons and holes are
confined in one direction only, with their transport being quasi-1D along the ICL cavity axis
(Fig. S1a); (3) rapid intraband thermalization, meaning both electrons and holes obey the
local quasi-Fermi-Dirac distribution; and (4) the spatial dependence of the carrier distribution
function along the cavity is approximated as the sum of a large slow-varying envelope n,(z)
and a small first harmonic n,(z) that oscillates with period 0.54/n,.[2]:
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where u(z) is the position-dependent quasi-Fermi level.

Starting from these assumptions, a set of equations has been developed in which the
quasi-Fermi levels are obtained from the particle conservation law, with the inclusion of
uniform injection current, stimulated emission, and Auger nonradiative recombination.

Kmax
My __2 jzﬂk(%j dk—yn =1 3(2) 3)
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where J(z) is the injection current density, 1/7(z) is the defect-assisted recombination rate,
which is assumed significant only in an ion-bombarded saturable absorber, D, is the
ambipolar diffusion constant, y is the Auger recombination constant, and (0f /dt),44 is the
momentum-resolved recombination rate for stimulated emission:
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Free-space laser communications constitute a promising alternative for transmitting high band-
width data when fiber optic cable is neither practical nor feasible. This technology has emerged as a
strong candidate with a large potential of applications from daily-basis broadband internet to satellite
links. Recently, a record transmission speed in free space of up to 1 Tbits/s has been reported over a
single wavelength and a distance of 53 km [1]. Although the availability of high-quality transmitters
and detectors operating in the near-infrared window makes the 1.55-um optical wavelength a natu-
ral choice for free-space optical systems, two other wavelength ranges can also be considered. First,
the mid-wave infrared (MWIR) window between 3 and 5-um, and second, the long-wave infrared
(LWIR) window between 8 and 12-um. Both are well known for their superior transmission perfor-
mance through adverse atmospheric phenomena, such as fog, clouds, and dust [2]. In order to develop
free-space laser communications in the MWIR, interband cascade lasers (ICL) are currently emerging
as very serious candidates [3]. Such advanced semiconductor lasers are based on interband recom-
binations in a broken-gap configuration, using the same cascade principle as quantum cascade lasers
(QCL). However, compared to their QCL counterparts, ICLs offer more advantages. To name a few,
they have the ability to bypass fast phonon scattering losses while achieving sufficiently high output
powers, on the order of tens of milliwatts [4]. In addition, thanks to their very low threshold currents,
ICLs are very much attractive for applications requiring low power consumption. Finally, the devel-
opment of inter-band cascaded photonic integrated circuits is a key step towards the wider use of ICL
technology, which is of growing interest since the first demonstration of an ICL bonded to silicon [5].
A recent work also unveiled the possibility of mitigating a very high dislocation factor, while main-
taining the same characteristics as ordinary ICLs grown on GaSb [6]. As a consequence of that, with
the advent of new telecommunication standards and the ever-increasing need for data transfer speed,
the ICL community is now keenly interested in powerful room-temperature sources operating with
high modulation capabilities. In this presentation, we will review our recent progress in the physics
and applications of interband cascaded devices. We will discuss their intensity noise and modulation
properties and reveal the existence of the oscillation relaxation frequency that is of paramount impor-
tance to achieve very fast modulation rates. We will then present state-of-the-art testbed experiments
performed with 4.2-um Fabry-Perot ICLs, which achieved data rates of up to 12 Gbps (OOK) and
up to 14 Gbps (PAM-4) under direct modulation of light [7]. In summary, these novel findings in in-
terband cascade devices provide clear scientific guidelines that will be very useful to researchers and
engineers in the design and deployment of future free-space MWIR laser communication systems.

[1] Press Release, European Project VERTIGO, Thales Alenia Space, (2022).

]

2] Spitz, O., et al., IEEE Journal of Selected Topics in Quantum Electronics 28, 1200109 (2022).

3] Yang, R. Q. et al., Superlattices Microstruct. 17, 77-83261 (1995).

4] Meyer, J., et al., Photonics 7, 75 (2020).
]
]
]

— /o,

5] Spott, A. et al. Optica, 5, 996-1005 (2018).
6] Cerutti, L., et al., Optica 8, 1397-1402 (2021).
[7] Didier, P. et al., Photonics Research 11, 582-590 (2023).

—
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18



Paper MIOMD-MoM2-17, Room Lecture Hall, Nielsen Hall, 11:00 AM

Continuous wave room temperature operation of the epitaxially
regrown GaSb-based diode PCSELSs.
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Photonic crystal surface emitting laser (PCSEL) device architecture can dramatically
improve brightness of semiconductor laser sources. The development of the PCSELSs within
nitride [1], arsenide [2], phosphide [3], and antimonide [4] material systems is subject of
active research to enable high power high brightness surface emitting diode laser operation
from UV to mid-infrared. One of the key technological challenges associated with PCSEL
development is integration of the high-index-contrast photonic crystal layer into laser
heterostructure. The air-pocket-retaining epitaxial regrowth [5] was shown to be effective
technique which vyielded high-power diode PCSELs. The air-pocket-retaining regrowth
within antimonide material system was explored by our research group.

We report on the continuous wave (CW) room temperature operation of epitaxially regrown
monolithic GaSb-based ~2 pum diode PCSELSs. The devices are based on laser heterostructure
containing carrier stopper layer designed to inhibit electron carrier leakage into buried
photonic-crystal section. Atomic hydrogen cleaning of the nanopatterned surface followed
by optimized epitaxial step resulted in highly uniform air-pocket-retaining regrowth. The
laser heterostructure with buried high-index-contrast photonic crystal layer generated about
10 mW of power near 2 um in CW regime and tens of mW in 5% duty cycle at 20 °C.

This research was funded by US Army Research Office, grant W911NF2210068, and in part
by the U.S. Department of Energy, Office of Basic Energy Sciences, through the Center for
Functional Nanomaterials, Brookhaven National Lab, under Contract DE-SC0012704.

[1] K. Emoto, et al, Commun Mater 3, 72 (2022).

[2] K. Hiroseg, et al, Nat. Phot. 8, 406 (2014).

[3] Y. Itoh, et al, Opt. Exp. 30, 29539 (2022).

[4] L. Shterengas, et al, Phys. Status Solidi RRL 16, 2100425 (2022).
[5] M. Nishimoto, et al, Appl. Phys. Exp. 6, 042002 (2013).

* Author for correspondence: leon.shterengas@stonybrook.edu
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Single-Mode Tunable Interband Cascade Lasers with a Wide
Tuning Range

Jingli Gong,' Zhanyi Wang,' Jian-Jun He,' Rui Q. Yang>*
! State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and
Engineering, Zhejiang University, Hangzhou, China 310027
2School of Electrical and Computer Engineering, University of Oklahoma, Norman, OK
US4 73019.

Type-II interband cascade lasers (ICLs) [1,2] are efficient and compact mid-infrared light
sources with many applications such as gas sensing and environmental monitoring. Here, we
report the demonstration of single-mode tunable ICLs with a wide tuning range based on V-
coupled cavity [3,4]. By optimizing the coupling coefficient and the cavity structure design,
the tuning range of V-coupled cavity single-mode ICLs is significantly extended with a side
mode suppression ratio (SMSR) exceeding 37 dB in continuous wave operation near 3.4 um.
At a fixed temperature, a tuning range of up to 97 nm has been demonstrated. By combining
two temperatures at 82K and 100K, a total tuning range of about 150 nm has been achieved,
as shown in Fig. 1. The total tuning range exceeded 150 nm when operation temperature
extended to 110K. More details and updated results will be presented at the conference.
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Fig. 1 CW emission spectra of a V-coupled cavity ICL with a total tuning range of 150 nm.

Acknowledgments: The work at Zhejiang University was supported by the National Natural
Science Foundation of China (61960206001 and 62027825). The work at University of
Oklahoma was partially supported by NSF (No. ECCS-1931193) and OCAST (AR21-024).
[1TR. Q. Yang, Superlattices Microstruct., 17, 77 (1995).

[2]J. R. Meyer, et al., Photonics 7, 75 (2020)

[3]J.-J. He and D. Liu, Opt. Express, 16(6), 3896 (2008)

[4]1J. L. Gong, R. Q. Yang, Z. Wang, and J. J. He, IEEE Photo. Technol. Lett. 35, 309 (2023).

* Author for correspondence: Rui.q.Yang@ou.edu
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Expanding the Frontiers of Long Wavelength Interband
Cascade Lasers using Innovative Quantum Well Active Regions

Yixuan Shen,! J. A. Massengale,! Rui Q. Yang'*, S. D. Hawkins?, A. J. Muhowski?
ISchool of Electrical and Computer Engineering, University of Oklahoma, Norman, OK.
2Sandia National Laboratories, PO Box 5800, Albuquerque, NM 87185-1085, USA

Interband cascade lasers (ICLs) [1-2] based on type-II quantum wells (QWs) are an efficient
mid-infrared light source for many practical applications due in large part to their low power
consumption. High performance operation of ICLs has been demonstrated at room
temperature across a wavelength range from 2.7 um to about 6 um [2-4]. However,
extending the operation of ICLs to longer wavelengths with similar performance as their
short wavelength counterparts is challenging due to factors such as the reduced wavefunction
overlap in the type-II QW and the increased free-carrier absorption loss. In this work, we
report significant progress in long wavelength ICLs from newly designed and grown ICL
wafers by employing an innovative QW active region containing strained InAsP layers [5].
These ICLs were able to operate at wavelengths near 14.3 um as shown in Fig. 1, the longest
ever demonstrated for III-V interband lasers, suggesting great potential of ICLs to cover an
even wider wavelength range. Devices from another wafer were able to lase at a low threshold
current density (e.g., 15 A/ecm? at 80 K) and at temperatures up to 210 K near 12.3 um as
shown in Fig. 2. Detailed results will be presented at the conference.
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operated by NTESS under DOE NNSA contract DE-NA0003525.

[1TR. Q. Yang, Superlattices Microstruct., 17, 77 (1995).

[2]J. R. Meyer, et al., Photonics 7, 75 (2020)

[3]R. Q. Yang, ef al. IEEE J. Sel. Top. Quantum Electron. 25, 1200108 (2019).

[4] J. Nauschutz, ef al., Laser & Photonics Reviews, 2200587 (2023).
[5]J. A. Massengale, et al., Semicond. Sci. Technol. 38, 025009 (2023).
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Stabilization of terahertz quantum-cascade VECSELSs
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Addamane,? John L. Reno,? Boris S. Karasik?!, and Benjamin S. Williams,?
! Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
2 Center for Integrated Nanotechnologies at Sandia National Laboratories, Albuquerque,
NM 87185
3 Department of Electrical and Computer Engineering at the University of California, Los
Angeles, CA 90095

Terahertz metasurface quantum-cascade (QC) vertical external cavity surface emitting
lasers (VECSELSs) are excellent candidates for frequency agile local oscillators and
spectroscopic sources, that emit milliwatts to tens-of-milliwatts continuous-wave power
with excellent beam power. We present the first high resolution studies of the free-running
laser behavior of QC-VECSELSs at 2.5 THz and 3.4 THz, and demonstrate phase-locking to
a microwave reference, by using subharmonic Schottky-diode mixer instrumentation to
downconvert the THz signal to a GHz intermediate frequency (IF). Feedback from
reflections at the mixer are observed to have a strong influence on the free-running QC-
VECSEL frequency stability as a result of efficient coupling to free-space compared to
more typical ridge waveguide lasers. Instabilities in feedback result in free-running
linewidths of tens of MHz. The QC-VECSEL IF signal is phase locked to a 100 MHz
reference using the bias on the device as a means of error correction. Between 90-95% of
the QC-VECSEL signal is locked within 2 Hz of the multiplied RF reference, and
amplitude fluctuations on the order of 1-10% are observed, depending on the bias point of
the QC-VECSEL. The bandwidth of the locking loop is ~1 MHz. Many noise peaks in the
IF signal corresponding to mechanical resonances in the 10 Hz-10 kHz range are observed.
These peaks are generally -30 to -60 dB below the main tone, and are below the phase noise
level of the multiplied RF reference which ultimately limits the phase noise of the locked
QC-VECSEL.
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Figure 1. (left) SEM of the 3.4 THz metasurface. Insets illustrate a period of the metasurface, and the QC-
VECSEL cavity. (center) Tuning characteristic and free-running linewidth of QC-VECSEL. (right) Phase-
locked IF power spectrum and bias fluctuations.

[1] C. A. Curwen, J. H. Kawamura, Darren J. Hayton, Sadhvikas J. Addamane, John L. Reno, Benjamin S.

Williams, and Boris S. Karasik, “Phase locking of THz QC-VECSELs to a microwave reference,”
https://www.techrxiv.org/articles/preprint/Phase_locking_of THz QC-VECSELs_to_a microwave reference/21893031/1 .
* Author for correspondence: bswilliams@ucla.edu
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RF injection locking of THz metasurface quantum-cascade-
VECSEL.: effect of cavity length variation

Yu Wu,! Christopher A. Curwen,? John L. Reno,? Benjamin S. Williams?!
! Department of Electrical and Computer Engineering, University of California, Los
Angeles, California 90095, USA
2 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
91109, USA
3 Sandia National Laboratories, Center of Integrated Nanotechnologies, MS 1303,
Albuquerque, New Mexico 87185, USA

Quantum-cascade (QC) lasers are ideally suited for high-resolution, high speed spectroscopy
techniques in terahertz (THz) spectral region. Their inherently high optical nonlinearity
promotes the generation of spontaneous frequency combs via four-wave mixing in Fabry-
Pérot or ring QC-lasers, based on which THz dual-comb spectroscopy has been
demonstrated. Besides that, THz QC-laser has recently been implemented in the vertical-
external-cavity surface-emitting laser (VECSEL) architecture, which is considered as a great
candidate for THz frequency comb or mode-locking operations.

Here, we demonstrate RF injection locking in THz metasurface QC-VECSEL for the first
time. An intra-cryostat focusing VECSEL cavity design is applied to reduce the intra-cavity
diffraction loss and enable continuous wave lasing at 3.4 THz in an external cavity length
over 30 mm (Fig. 1(a)). RF current modulation is applied to the QC-metasurface at a
frequency close to the cavity round-trip frequency. Under weak RF power, pulling and
locking of the round-trip frequency to the injected RF signal has been observed with locking
bandwidth characterized using Adler’s equation; Under strong RF power, broadening of the
lasing spectrum with a maximum observable bandwidth around 110 GHz has been
demonstrated under an injected RF power of 20 dBm (Fig. 1(b)). Injection locking
phenomenon using metasurfaces with different gain/dispersion and tunable external cavity
lengths has also been explored, taking the advantage of design flexibility of the VECSEL
configuration. This experimental setup is suitable for further exploration of active mode-
locking in THz QC-VECSELSs.
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Figure 1. (a) Schematic of the QC-VECSEL based on an intra-cryostat focusing cavity design.
(b) Lasing spectral broadening is observed under constant RF power of 20 dBm. The
corresponding beat note map shows beat note locking to the injected RF signal with the
estimated locking range pointed out by the red arrows.
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THz Quantum Photodetector based on LO-phonon scattering-
assisted extraction

J. Pérez Urquizo,* Z.Z. Zhang,? J.C. Cao,? D. Gacemi,! A. Vasanelli,' C. Sirtori,* H.
Li,2Y. Todorov?!
! Laboratoire de Physique de I’Ecole Normale Supérieure ENS, Université PSL, CNRS,
Sorbonne Université, Université de Paris, F-75005 Paris, France
2 Key Laboratory of Terahertz Solid State Technology, Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences, 865 Changning Road,
Shanghai 200050, China

The use of the LO-phonon scattering mechanism has proven effective to enhance electron
transfer between quantum wells in diverse intersubband devices, such as Mid IR QCDs [1]
and Mid IR and THz QCLs [2,3]. In this work we present a THz quantum detector based on
GaAs/Alo.2sGag.7sAs heterostructure which is designed to exploit LO phonon scattering as an
extraction mechanism for photoexcited electrons. As shown in Figure 1a) the absorbing
quantum well has an intersubband transition of 15.5 meV. When an electric field is applied,
a miniband is formed in the subsequent quantum wells, the edge of which is aligned
resonantly with the first subband of the next period’s absorbing quantum well, exhibiting a
transition at roughly the LO phonon energy in GaAs Eio= 37 meV. Spectral-resolved
measurements were performed on samples processed into arrays of patch microcavities [4].
Figure 1 b) shows the responsivity spectrum of the device taken at 20 K exhibiting a peak
response at 3.5 THz with a maximum value of 80 mA/W. This type of quantum detectors
allows exploiting the degrees of freedom of quantum confinement for a constant Al content.
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Figure 1 a) Conduction band profile of the device based on a GaAs/Alo25Gao.7sAs system, under
an electric field of F = —2.8 kV/cm. Two complete periods are displayed, each of them starting

with an active quantum well which is highlighted in blue. b) Responsivity spectrum of the device
taken at 20 K. Inset: SEM image of a section of a patch microcavity array.

[1] F. R. Giorgetta, et al. IEEE J. Quantum Electron. Vol. 45, no. 8 (2009).
[2] M. Beck, et al. Science. 295,5553 (2001).

[3] B.S. Williams, et al. Appl. Phys. Lett. 82, 1015-1017 (2003).

[4] Y. Todorov et al. Opt. Express 18, 13886-13907 (2010).

* Author for correspondence: joel.perez-urquizo@phys.ens.fr
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Multi-Octave THz Wave Generation in PNPA Crystal at MHz
Repetition Rates

L. A. Sterczewski,> * J. Mnich,! and J. Sotor!
Faculty of Electronics, Photonics and Microsystems, Wroclaw University of Science
and Technology, Wyb. Wyspianskiego 27, 50-370 Wroclaw, Poland

Terahertz (THZz) wave generation using organic nonlinear optical (NLO) crystals has received
considerable attention in the past decades as a viable method to convert broadband near-
infrared radiation to the far-infrared region. Nowadays, the rapid development of fiber laser
oscillators at telecom wavelengths creates a demand for novel NLO crystals optimized for
longer-wavelength excitation and lower pulse energy compared to conventional solutions
optimized for millijoule-level pulses with kHz repetition rates at near-visible wavelengths.
This requirement is partially addressed by well-established NLO materials like DAST,
DSTMS, or OH-1. However, further improvements in terms of conversion efficiency are still
desired. Very recently, PNPA ((E)-4-((4-nitrobenzylidene)amino)-N-phenylaniline) has been
identified as a potential candidate to address this need. Spectra in the 0.2-5 THz range have
been obtained using mJ-level 100 fs long pump pulses with kHz repetition rates, yet lower-
energy MHz-rate excitation has not been tested to date. In this work, we demonstrate multi-
octave THz generation from PNPA pumped by a simple all-fiber femtosecond laser providing
17 fs pulses at a 1550 nm wavelength with 50 MHz repetition rate (4 nJ pulse energy).
Increasing the repetition rate 5x10* times accompanied by a 5-fold decrease in the pulse
duration grants us access to the longwave infrared and THz region from 10 um of wavelength
(30 THz) to 300 um (1 THz). Using the THz-induced lensing technique we optically sample
the emitted field as shown in Fig. 1a. Without purging the measurement chamber, persistent
oscillations of water molecules persist over tens of picoseconds, which appear as sharp
absorption dips in the spectrum (Fig. 1b). We will discuss the time-frequency characteristics
of the waveform and compare them with other well-established THz emitters like DSTMS.
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Fig. 1. Broadband THz generation from the PNPA crystal. (a) Sampled E-field. (b) Optical
spectra obtained by Fourier-transforming the time-domain E-field waveforms.

[1] C. Rader et al., ACS Photonics 9, 3720 (2022).

* Author for correspondence: lukasz.sterczewski@pwr.edu.pl; Funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No 101027721,
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A time-frequency analysis (spectrogram) of the E-field emitted by the PNPA crystal is shown
in Fig. S1. Interestingly, the emitted waveform is highly chirped — low frequency components
are generated first. Next, the longwave infrared part (i.e. between 10-30 THz / 30-10 um)
appears in the emission spectrum, yet it persists for only ~2 picoseconds. This resembles
earlier observations of organic nonlinear optical crystals, whose longwave infrared (LWIR)
emission features correspond to a different generation mechanism than simple optical
rectification [S1]. The high-frequency components are potentially attributable to molecular
vibrations with picosecond-level dynamics that produce coherent infrared emission.
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Fig. S1. Time-frequency analysis of the E-field waveform generated by the PNPA crystal
pumped by a 17-fs 1550 nm laser.

Supplementary references
[S1] C. Somma, G. Folpini, J. Gupta, K. Reimann, M. Woerner, and T. Elsaesser, Ultra-Broadband
Terahertz Pulses Generated in the Organic Crystal DSTMS, Opt. Lett. 40, 3404 (2015).
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Low Threshold Long Wavelength Interband Cascade Lasers

Jeremy A. Massengale,! Y. Shen,! Rui Q. Yang,'"* S. D. Hawkins,? A. J. Muhowski?
ISchool of Electrical and Computer Engineering, University of Oklahoma, Norman, OK.
2Sandia National Laboratories, PO Box 5800, Albuguerque, NM 87185-1085, USA

Interband cascade lasers (ICLs) [1-2] employ type-II quantum wells (QWs) as the active
region and can cover a wide range of mid-IR spectrum with high performance especially in
wavelength range from 3 pm to about 6 um [2-4]. In this work, we report significant
improvements in long wavelength ICLs in terms of reduced threshold current density Jm and
voltage Vi compared to previous ICLs [5]. For example, in cw operation, the Ji at 80 K is
below 9 A/ecm? with output power exceeding 100 mW/facet and with a lasing wavelength
near 10.7 um close to 140 K as shown in Fig.1. Such a low Ju indicates a weak SRH
recombination, suggesting a good material quality. The threshold voltage Vi at 80K is 3.61
V with a voltage efficiency of 73%, which is quite high considering that the photon energy
(126meV) is low at such a long wavelength (9.83 um at 80 K). ICLs from another wafer
EB7910 lased at a longer wavelength in cw mode near 11.4 um at 80 K with a Ju of 24.9
A/cm? and Vi 0f 3.95 V, corresponding a voltage efficiency of about 55%. These ICLs were
able to operate at wavelengths exceeding 12 um in pulsed mode at 135 K as shown in Fig. 2,
the longest ever reported for ICLs with standard W-shape QW active regions. Detailed results
will be presented at the conference.
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Fig. 1 IVL and a spectrum of an ICL from EB7902. | Fig. 2. pulsed lasing spectra of ICL from EB7910.

This work at OU was partially supported by NSF (No. ECCS-1931193), and was performed,
in part, at the Center for Integrated Nanotechnologies, an Office of Science User Facility
operated for the U.S. Department of Energy (DOE) Office of Science. SNL is managed and
operated by NTESS under DOE NNSA contract DE-NA0003525.

[1TR. Q. Yang, Superlattices Microstruct., 17, 77 (1995).

[2]J. R. Meyer, et al., Photonics 7, 75 (2020)

[3]R. Q. Yang, ef al. IEEE J. Sel. Top. Quantum Electron. 25, 1200108 (2019).

[4] J. Nauschutz, ef al., Laser & Photonics Reviews, 2200587 (2023).
[5]J. A. Massengale, et al., Semicond. Sci. Technol. 38, 025009 (2023).

* Author for correspondence: Rui.q.Yang@ou.edu
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Progress in Terahertz Quantum Cascade Lasers
supporting clean n-level systems.
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2 Center for Integrated Nanotechnologies, Sandia National Laboratories, MS 1303,
Albuquerque, New Mexico 87185-1303, USA

Although Terahertz Quantum Cascade Lasers (THz-QCLs) have a lot of potential, since they
were first demonstrated in 2002, their use has been restricted due to lack of portability due to
the requirements of cooling machinery. Therefore, raising the Tmax is the main goal in the
field. In 2021, a new Tmax of ~250 K was achieved and demonstrated [1], enabling the launch
of the first high-power portable THz-QCL. Although portable, this device, still required
thermoelectric cooling, and the Tmax Was reached in pulsed operation. Moreover, up to date,
other groups did not report similar Tmax values, indicating how big of a challenge this
represents.

The design that reached the Tmax of ~250 K [1] is a two-well (TW) design supporting a clean
three-level system (meaning the electron transport occurs only within the laser’s active
subbands and all thermally activated leakage paths for electrons were suppressed). This
design is like the design demonstrated beforehand with small variations (Design HB2 in Ref.
[2]), and it is not the only design with a clean n-level system. Other designs that showed to
have successfully suppressed thermally activated leakage channels are a resonant-phonon
design presented in 2016 [3], and a split-well direct-phonon (SWDP) proposed in 2019 [4].
However, it is not clear why designs with very similar characteristics show very different
Tmax values, hence, the investigation is still ongoing.

Within our study, we suggest two other novel designs with clean n-level system. The first
one is a highly diagonal split-well resonant-phonon (SWRP) scheme [5] and the second is a
two-well injector direct-phonon (TWI-DP) scheme. Just as the structures mentioned earlier,
both these new designs support clean 4-level systems.

The focus of the research we are presenting is on investigating these designs and comparing
their device performance with other designs supporting clean n-level systems. Considering
that THz-QCL designs supporting clean n-level systems are not limited by thermal leakage,
a detailed comparison of their temperature performance should be the key for improvements
beyond the state-of-the-art.

[1]  A. Khalatpour, A. K. Paulsen, C. Deimert, Z. R. Wasilewski, and Q. Hu, ‘High-power portable terahertz laser
systems’, Nat. Photonics, Nov. 2020, doi: 10.1038/s41566-020-00707-5.

[2] A. Albo, Y. V. Flores, Q. Hu, and J. L. Reno, ‘Two-well terahertz quantum cascade lasers with suppressed carrier
leakage’, Appl. Phys. Lett., vol. 111, no. 11, p. 111107, 2017, doi: 10.1063/1.4996567.

[3]1 A. Albo, Q. Hu, and J. L. Reno, ‘Room temperature negative differential resistance in terahertz quantum cascade
laser structures’, Appl. Phys. Lett., vol. 109, no. 8, p. 081102, 2016, doi: 10.1063/1.4961617.

[4] A. Albo, Y. V. Flores, Q. Hu, and J. L. Reno, ‘Split-well direct-phonon terahertz quantum cascade lasers’, Appl.
Phys. Lett., vol. 114, no. 19, p. 191102, 2019, doi: 10.1063/1.5089854.

[5] S. Levy, N. Lander Gower, S. Piperno, S. J. Addamane, J. L. Reno, A. Albo,” Split-well resonant-phonon terahertz
quantum cascade laser”, Submitted (2023).

* Author for correspondence: asafalbo@gmail.com
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To keep improving the temperature performance of THz-QCLs, we need to better understand
the physics and obstacles that were overcome over the years to reach the developments that
led to the Tmax of ~250 K [1].
The thermally activated longitudinal optical (LO) phonon scattering from the upper lasing
level (ULL) to the lower lasing level (LLL) is the main mechanism that limits the operation
temperature of standard vertical-transition THz-QCLs [2]. This limitation was overcome by
designing highly diagonal structures, which significantly reduce thermally activated LO
phonon scattering [3, 4]. In highly diagonal THz-QCLs structures the main mechanism
observed to limit the temperature performance, is the thermally activated leakage into the
continuum [4], mainly when using barriers containing just 15% Al. Thermally activated
leakage of charged carriers into excited bound states [5, 6] also proved to be harmful for the
temperature performance, even with barriers containing 30% Al. Combining high barriers
with thin wells proved to push the excited and continuum states to higher energies and
suppress these leakage paths [6-8]. Carefully engineered devices, showed clear negative
differential resistance (NDR) behavior in the current voltage (I-V) curves all the way up to
room temperature [6—8]. A clear NDR region means that the electron transport occurs only
within the laser’s active subbands, meaning all thermally activated leakage paths for electrons
were suppressed. This way, a clean n-level system was obtained, n being the number of the
laser’s active subbands [6—8]. Taking this into account, the strategy has been to design THz-
QCLs that have as close as possible to clean n-level systems, especially at elevated
temperatures. This strategy of achieving a clean n-level system, led to the highest recorded
Tmax [1] and this is the strategy used in our research as well.
The design that reached the Tmax of ~250 K [1] is a two-well (TW) design supporting a clean
three-level system, like the design demonstrated beforehand with small variations (Design
HB2 in Ref. [7]), and it is not the only design with a clean n-level system. Other designs that
showed to have successfully suppressed thermally activated leakage channels are a resonant-
phonon design presented in 2016 [5], and a split-well direct-phonon (SWDP) proposed in
2019 [8]. However, it is not clear why designs with very similar characteristics show very
different Tmax values, hence, the investigation is still ongoing.
Here, we suggest two other novel designs with clean n-level system. The first one is a highly
diagonal split-well resonant-phonon (SWRP) scheme (Fig.1a) [9], based on the same design
principles as the split-well direct-phonon (SWDP) design previously described in Refs. [8-
10]. However, in the SWDP device there is a high overlap between the doped region and the
active laser states [10] and in the new SWRP design, this overlap is reduced, and effects
related to gain broadening should be lower. The second design is a two-well injector direct-
phonon (TWI-DP) structure (Fig.2a), which combines both two-well injector and direct-
phonon scattering schemes. The TWI-DP design keeps the direct-phonon scheme for the
depopulation of the lower laser level (LLL), while overcoming its main disadvantages, such
as the large overlap between the doped and active laser regions. Just as the structures
mentioned earlier, both these new designs support clean 4-level systems, as shown by the
NDR signature in their I-V curves all the way up to room temperature (Fig.1b and Fig.2b
respectively).
The focus of the research we are presenting is on investigating these designs and comparing
their device performance with other designs supporting clean n-level systems. Considering
that THz-QCL designs supporting clean n-level systems are not limited by thermal leakage,
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Improving Transverse Mode Quality of QCLS with Novel
Waveguides

M. Suttinger,! R. Go,! C. Lu!
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Quantum Cascade Lasers (QCLs) are reaching a level of commercial maturity. With multiple
watts of CW power available from a single QCL source with near transform limited
(“fundamental mode-like”’) beam quality. This beam quality is achievable due to the standard
configuration of the QCL waveguide, with an laser core having transverse dimensions of 1-
2 um X 8-12 pm relative to the 4-5 um wavelengths produced by higher power Midwave
infrared (MWIR) devices. However, remaining with this form factor will limit the amount of
available power produced by the laser, as the longitudinal extent of the waveguide cannot be
indefinitely extended without issue. Multiple geometries have been explored to expand the
total achievable power of single emitter beyond that of the narrow Fabry-Perot cavity, most
immediately available being the broad area QCL. In this presentation, results of novel QCL
waveguides fabricated at Air Force Research Laboratory are discussed.

In the “ultrawide” Fabry-Perot waveguide, extremely wide laser cores exceeding the standard
configuration width by an order of magnitude allow for the scaling of average power, but
with severely reduced and divergent beam quality. Through a modification of waveguide to
bring the waveguide mode closer to the electrical contact, and splitting said contact into a
Dual Contact Strip, the mode quality can be rectified to fundamental-like behavior.

Another approach to improving mode quality relative to the Fabry-Perot geometry is through
an angled cavity waveguide. On its own, an angled cavity with a severe enough tilt may
induce improved transverse mode quality, but at the expense of overall power potential
through losses induced by sidewall interaction. A similar effect may be achieved by using a
less pronounced angle and interrupting the waveguide with “notches” etched out of areas far
from the internal beam path of the fundamental mode. This allows losses to preferentially
disrupt higher order modes. Power can then be scaled by overlapping multiple angled cavities
to produce a coherent array with an output beam envelope reflected by that of the output of
its components in isolation.

.....

Figure 1 Simulated mode. Of an ultraWide Figure 2 An Overlapped angled Cavity array
QCL with Dual Contact Strip geometry. with simulated far field.
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Broadly Tunable Single Spatial Mode Quantum Cascade Lasers
in an External Cavity

B. Knipfer,! D. Ruiz,! S. Ruder,! K. Oresick,! D. Caffey,! M. Klaus,! C. Galstad,* M.
Dwyer,! and T. Earles!
! DRS Daylight Solutions

Broadly tunable laser sources spanning mid- to long-wave IR are highly sought after
for their ability to characterize materials with non-destructive spectroscopy techniques. The
wavelengths of interest typically span 3-13 pum, or approximately 2500 cm™. Given such a
large spectrum window finding materials adequately suited can be a challenge, however,
given the scalability of MOCVD growth, and the wavelength agility of quantum cascade
lasers, MOCVD-grown QCLs fill this niche perfectly.

Previous work has shown heterogeneous quantum cascade lasers emitting in the
LWIR that span, up to 760 cm™, however, at relatively low pulsed powers and in a double-
channel ridge configuration [1]. We have previously reported on tuning capabilities within
an external cavity in the 4.0-4.8 um regime [2] and here we push wavelengths across the
MW:- to LWIR while optimizing CW and pulsed powers with superb beam pointing stability.

This work shows advances in the tuning capabilities of single-core and heterogeneous
qguantum cascade structures within an external cavity. Previous state-of-the-art products
would use four QCL chips to cover 1000 cm 2, but here we are able to further expand the
tuning range of individual chips such that the same range can be covered by only three QCLs,
shown in Figure 1. Typically, the expansion of tuning range is achieved by broadening the
spectral gain through either broadening of a single core, the introduction of additional cores
supporting different wavelengths, or both. These different methods typically correspond to a
decrease in output power; however, we show this expansion is achieved while maintaining

high single mode powers. Through 5.4 Wavelength (um) 12.0
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Figure 1 Three individual QCLs spanning > 1000
cm* wavenumbers under pulsed conditions

[1] D. Caffey et al. Proceeding of SPIE, (2011)
[2] N. Bandyopadhyay et al. Opt. Exp. Vol. 23, Iss. 16, pp. 21159-21164 (2015)

* Author for correspondence: Benjamin.Knipfer@drs.com
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Hybrid passive photonics in the longwave-infrared
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The development of passive low-loss material platforms is vital for advancing
quantum and nonlinear photonics. Recently, mature nanophotonic platforms like Si3N4 and
Si-on-insulator have emerged in the near- and midwave-infrared. These platforms have
enabled the creation of a wide range of devices that exploit nonlinear effects, including
frequency comb generation, supercontinuum generation, quantum frequency conversion, and
generation of entangled biphotons. However, none of these platforms are suitable for the
longwave-infrared (6 to 14 pm), as most optical materials become too lossy.

Recent advances in low-loss longwave-infrared photonic platforms, such as
diamond!, chalcogenide glasses?, and germanium?, have now made it possible to explore
novel applications of nonlinear photonics. In this talk, we will discuss our recent work on the
development of low-loss platforms based on hybrid photonic integration® and will outline a
roadmap for novel nonlinear photonic devices using similar schemes. Hybrid approaches
could enable novel sensing modalities using supercontinuum and frequency comb
technology, with significant implications for chemical and biological sensing, healthcare, and
environmental monitoring.

In particular, we will highlight our work demonstrating ultra-high-quality factor
microresonators based on Ge-on-glass. By coupling the output of a quantum cascade laser
(QCL) into a partially suspended Ge-on-glass waveguide and coupling it into a waveguide,
we demonstrate resonators with an intrinsic quality factor of 2.5x10°, approximately two
orders of magnitude better than the prior state-of-the-art. In addition, we will discuss our
more recent results demonstrating that the same approach can be used to create fully-
integrated Ge-on-ZnSe waveguides with losses nearly as low. Our results demonstrate the
importance and potential of using high-quality native materials for passive photonics in the
longwave infrared range and will allow for a number of new device topologies.
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Figure 1. a. Ultra-low-loss microdisks based on a Ge-on-glass platform. By relying on native
materials and mechanical processing rather than material growth, microresonators can be fabricated
with losses lower than epitaxially-grown Ge and I1I-V materials. b. Transmission scan of a resonance,
demonstrating the first clear resonances in the LWIR. c. Fully integrated hybrid Ge-on-ZnSe platform.

1Y .-]J. Lee et al., Opt. Express 28, 5448 (2020).
2 B. Gholipour et al., J. Phys. Photonics 5, 012501 (2023).
3D. Ren et al., Nat. Commun. 13, 5727 (2022).
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Photonic integrated circuits for the extended short and mid-wave infrared (eS-MWIR)
wavelength regime are crucial for potential applications including on-chip chemical and
biological sensing and non-invasive medical diagnosis. The lack of high-performance lasers
on an SOI wafer and material limitations in InP necessitate an alternative material system. A
monolithic platform based on GaSb addresses these concerns through the tight integration of
both passive and active components since it is an optimal material system for realizing long-
wavelength lasers and photodetectors. In this work, we modeled and optimized various
fabrication-compatible passive components including 1x2 power splitters/combiners based
on directional coupler (DC), multimode interferometer (MMI), and Y-branch as well as a
grating coupler on GaSb substrates at 2.56 pum.

Surface ridge waveguides designed on GaSh-based epitaxial layers are schematically shown
in Figure 1(a). Figure 1(b) shows the effective refractive indices nefr, of a few lowest-order
guided modes as a function of the ridge width W, and the inset shows the mode profile of
TEo at W = 4 um. Figure 1(c) shows the transmission through the two output ports of DC-,
MMI-, and Y-branch- splitters with 1-dB bandwidth, AA ~ 1 um at a center wavelength of
2.56 um. For all the splitters, we achieve 50:50 power splitting with an excess loss lower than
0.12 dB. For the grating coupler, a coupling efficiency of -5.4 dB and a 3-dB bandwidth of
80 nm are achieved at 2.56 um. Details of the design and simulation results of all these
passive photonic devices will be presented at the conference.

(a) (b) . (c)
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Figure 1. (a) Schematic cross-section of the GaSb-based single-mode surface ridge waveguide, (b)
mode effective index as a function of waveguide width, W. Inset: fundamental TE; mode at 2.56 um,
and (c) transmission through the two output ports of DC (black), MMI (blue), and Y-branch (red) at
a center wavelength of 2.56 um.

* Author for correspondence: arafin.1@osu.edu
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Figure 1(b): Up to a width of 2.4 um, the waveguide supports only single TE modes.
However, in experiments, devices with wider widths are found to emit a single fundamental
mode. The first higher-order odd mode TE: in a laser cavity receives very little gain due to a
null at the waveguide center and is not usually considered while defining the single-mode
waveguide cut-off condition [1]. TM modes were also not considered since the 111-V laser
structure employs compressively strained quantum wells which favor only TE-polarized
light. Thus, the calculated ridge width supporting single mode is 4.4 pm, as represented by
the vertical dashed line.
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[1] Arafin, Shamsul, Alexander Bachmann, and Markus-Christian Amann. “Transverse-mode
characteristics of GaSb-based VCSELs with buried-tunnel junctions.” IEEE Journal of Selected
Topics in Quantum Electronics 17.6 (2011): 1576-1583.
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GaSb-based ICLs grown on GaSb, GaAs and Si substrates
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GaSb-based Interband Cascade lasers (ICLs) have emerged as the leading optoelectronic
source in the 3-6 pm wavelength range [1]. Although ICLs are very attractive for various
applications such as laser spectroscopy or free-space communication, the cost and size of
substrates pose a significant limitation to their widespread commercialization. However,
recent studies have shown that the unique band diagram of the ICLs active zone, is tolerant
to mid-gap defect states induced by dislocations [2]. Thus, the growth of ICLs on large,
inexpensive, and mismatched substrates presents a viable solution for the low-cost
production of high-performance mid-infrared (MIR) lasers and MIR photonic sensors on
GaAs or Si-photonic integrated circuits (PIC).

In this study, we have examined the performance of ICLs designed to emit at 3.3 pm,
which were grown simultaneously on GaSb, GaAs, and on-axis Si (001) substrates. The ICL
structures consisted of two n-type AISb/InAs superlattice claddings and a 5-stage interband
cascade active region sandwiched between two n-type GaSb separate confinement layers.
After the growth, the structures were processed into 8 pm x 2 mm laser devices and bonded

epi-side up, with the bottom contact taken into the bottom cladding.
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Figure 1: P-I-V (a) and spectra (b) of ICLs grown on GaSb, GaAs and Si measured in CW at 20°C

All the lasers operated in the continuous wave (CW) regime at RT and emitted around 3.3
um (Fig.1). The threshold current is approximately 40 mA whereas the maximum output
power decreased from 42 mW for the lasers on GaSb to 37 and 32 mW for the devices on
GaAs and Si substrates, respectively (Fig.1). We attribute the observed decrease in the optical
power to a higher voltage drop which results in overheating of the active region. The higher
series resistance in these devices can be explained by poorer lateral electrical conductivity of
the cladding in presence of threading misfit dislocations in the mismatched structures. These
encouraging results open the way to the development of low cost ICLs and integrated
photonic sensors for PIC.

[1]J. R. Meyer et al., Photonics. 7, 75, p. 2-58 (2020).
[2] L. Cerutti et al., Optica. 8, 11, 1397 (2021).
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Electrically injected GeSn laser on Si substrate operating up to
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Germanium-tin (GeSn) semiconductors have gained significant attention over the last years
as a group IV material for the development of novel Si-based optoelectronic devices.
Specifically, direct band gap GeSn alloys with Sn fractions above 8% are of interest as light
emitting sources in the near- and mid-infrared spectral range. In addition, GeSn epitaxy is
monolithic on Si and also fully compatible with the complementary metal-oxide
semiconductor (CMOS) technology, making it a promising candidate for the integrated light
source on the Si platform, with advantages such as cost-effectiveness, reliability, and
compactness [2]. Recently, GeSn lasers on Si substrate were demonstrated both under optical
pumping and electrical injection. In this work, we report an electrically injected
GeSn/SiGeSn laser grown on Si substrate operating up to 130 K. Our study is mainly focused
on the cap layer effect on the optical loss for lasing devices. The GeSn/SiGeSn
heterostructure was grown using chemical vapor deposition (CVD) technique. The laser
devices were fabricated in ridge waveguide structures with 80 um, 100 um and 120 um wide
ridges. The lasing performance was investigated under pulsed conditions. The
electroluminescence signal was collected through a monochromator and liquid-nitrogen-
cooled InSb detector (response range 1-5.5 um). The L-1 characteristics of devices with
different cavity lengths were studied at different temperatures. Our results suggest pathways
for enhancing the lasing performance of electrically injected GeSn laser diodes.
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Amoah, Gregory Salamo, Wei Du, Jifeng Liu, Joe Margetis, John Tolle, Yong-hang Zhang, Greg Sun, Richard
A. Soref, Baohua Li, and Shui-Qing Yu, "Electrically injected GeSn lasers on Si operating up to 100 K,"
Optica 7, 924-928 (2020)

[2] Solomon Ojo, Yiyin Zhou, Sudip Acharya, Nicholas Saunders, Sylvester Amoah, Yue-Tong Jheng, Huong
Tran, Wei Du, Guo-En Chang, Baohua Li, Shui-Qing Yu, "Silicon-based electrically injected GeSn lasers,"
Proc. SPIE 11995, Physics and Simulation of Optoelectronic Devices XXX, 119950B (4 March
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The development of monolithically integrated group-1V lasers remains a key challenge in
realising Si-based integrated optoelectronic circuits [1]. With its direct bandgap and the
possibility for wavelength tuning through strain and composition engineering, GeSn has
emerged as an interesting approach. However, GeSn lasers have been primarily limited to
low temperature operation. Understanding the carrier recombination behavior is therefore
vital to develop improved devices with higher operating temperatures. Here, we investigate
bulk Geo.ssSho.11 lasers grown using chemical vapor deposition [2]. In this study, high
pressure, low temperature measurements are used to vary the electronic band structure for a
fixed thermal carrier distribution, enabling purely band structure dependent mechanisms to
be probed. Analysis of the threshold current density with pressure indicates an L-valley
occupation of ~1% at 85K, determined from the fit in Fig. 1 a). Above this temperature, the
fractional L-valley occupation increases strongly, indicated by a sharp rise in the threshold
carrier density (assuming only mirror losses), illustrated by the red line in Fig. 1 b). This
increases the pump threshold leading to device heating, increasing the L-valley occupation
further and heightening free carrier absorption losses. The implications for this in terms of
optimising the laser design for ambient temperature operation will be discussed.
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Figure 1. a) Normalised variation of threshold current density with pressure and I'-L separation,
AE; _r, showing the effect of L-valley leakage. b) Increase in total threshold carrier density with
temperature above the 80K break point due to enhanced fractional L-valley occupation.

[1] Wang, B. et al. Light Sci Appl 10, 232 (2021).
[2] Zhou, Y. et al. Optica 7, 924-928 (2020).
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With applications from night vision and aerial target acquisition, to space telescope operation,
infrared (IR) detectors are of great interest to the defense and scientific communities alike.
The functionality of these detectors hinges on achieving a high signal-to-noise ratio so that
weak signals can still be resolved. Of the many IR detector designs, the nBn device has
emerged as a leading choice. As the name suggests, nBn detectors comprise an electron-
blocking barrier between n-type absorber and contact layers [1]. nBn-based IR detectors are
typically grown on GaSb substrates, which are expensive and only widely available up to 4—
6” diameter. In addition, integrating a detector grown on a GaSb substrate with the Si-based
ROIC via direct bonding interconnect processing is difficult. nBn detectors produced directly
on Si substrates would overcome these problems. However, this approach comes with its own
set of challenges, primarily due to the large lattice mismatch between GaSb and Si. We
therefore adopt the use of interfacial misfit (IMF) arrays grown by molecular beam epitaxy
(MBE) to manage strain at the 111-Sb/Si heterointerface. IMFs consist of the spontaneous
formation of a 2D array of 90° dislocations that lie in the plane of the heterointerface.
Previous studies show that thin initiation AlSb layers between the GaSh and Si are critical.
GaSb deposited onto an AISb/Si IMF heterostructure has dramatically improved material
quality and lower threading dislocation density (TDD) [2].
We will discuss how choices regarding AlISb growth
initiation, substrate temperature, annealing, AISb thickness,
and AlSb growth rate affect the quality of GaSb overlayers.
/e By optimizing these MBE growth parameters, initial results
—20k|  suggest that we can grow GaSb layers with quality

260 K

— 20k comparable to the current state-of-the-art, giving us a

~%ox| benchmark against which to measure further

160K

— x| improvements. We will discuss the performance of nBn
10 o5 oo os 10 devices integrated with our optimized GaSbh-on-Si buffers.
Figure 1: TemB;;Vr:':fjr(: dependent Promising initial results include background limited
IV curves for an nBn device on a infrared photodetection (BLIP) at 150 K (Fig. 1), and the
Si(100) substrate. We see BLIP at ability to carry out thermal imaging with a 300 K blackbody
150 K, while 10x dark current background. This work is supported by the Office of Naval
decrease per 30 K of cooling Research through grant #N00014-21-1-2445 and by the

indicates good material quality. National Science Foundation grant GRFP #1946726.
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[1] S. Maimon and G.W. Wicks, Applied Physics Letters 89, (2006).
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Flgure 1 supp Electron channelmg contrast
imaging scan showing threading dislocations
in a sample containing a dislocation filtering
superlattice. For this sample we found TDD =
2.8 x 107 cm?

Figure 2 supp.. High resolution
transmission electron microscopy
image displaying the IlI-Sb/Si
heterointerface where red arrows
indicate the location of periodic misfit
dislocations forming the IMF array.
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Figure 3 supp.: 1V response at 120 K of a
single-element nBn detector fabricated on a
Si(100) substrate, to illumination with: a
room temperature Al metal flange (~295 K,
10% emissivity), a hand at ~310 K (90%
emissivity), and a heat-gun at ~420 K.
Critically, the ability to distinguish the hand
from the flange suggests we could use this
device for thermal imaging with a 300 K
blackbody background.
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Since the first demonstration of continuous wave operation [1] Interband Cascade Lasers
(ICLs) have shown tremendous improvement in their performance. Not only cw operation
up to a temperature of more than 100°C has been shown [2] but also the capability of the
interband cascade concept to operate to wavelengths beyond 13um [3]. Recently we
demonstrated another design improvement which focusses on the mitigation of intervalence
band absorption [4]. This in turn led to a significant improvement of laser performance in
the wavelength region around 6 um [5]. A spectrum and LIV characteristics of an epi down
mounted laser are shown in Figure 1. Furthermore, the latest results on resonant cavity
ICLEDs and long wavelength ICLEDs with emission um to 10.2um will be shown.
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Figurel: Spectrum and LIV characteristics of an ICL operating beyond 6um in cw.

[1] M. Kim, C. L. Canedy, W. W. Bewley, C. S. Kim, J. R. Lindle, J. Abell, I. Vurgaftman and J. R. Meyer,
Appl. Phys. Lett. 92, 191110 (2008).

[2] I. Vurgaftman, W.W. Bewley, C.L. Canedy, C.S. Kim, M. Kim, C.D. Merritt, J. Abell, J.R. Lindle and J.R.
Meyer, Nat. Commun. 2:585 (2011).
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[4] H.Knétig, J. Nauschiitz, N. Opacak, S. Hofling, J. Koeth, R. Weih, and B. Schwarz, Laser Photonics Rev.
2200156 (2022).
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Interband cascade light emitting diodes (ICLEDs) grown on GaSb substrates have
emerged as an effective continuous wave (CW) room temperature emitter technology in the
3 — 5 um wavelength range [1,2]. The integration of ICLEDs directly on a silicon substrate
can lead to significant benefits in manufacturability for applications including chemical
sensing and IR scene projectors (IRSPs).

This presentation will discuss the growth at NRL of high performance ICLEDs on
GaShb/Si buffers that were grown at UNM. The growths on GaSb vs. GaSb/Si are compared
for crystallographic quality using cross section transmission electron microscopy (XTEM)
and X-Ray reciprocal space maps (RSM). XTEM images show the presence of threading
dislocations in the GaSh buffer grown on Si, with a higher density near the silicon substrate
and reduced closer to the ICLED. We measure a range from 5 x 107 to 2 x 108 cm? in different
samples. Individual threading dislocations in the GaSb buffer can reach the ICLED and
multiply once they reach the active stages (figure 1). Another artifact of growth on silicon is
an undulation in the ICLED layers. Our presentation will provide a detailed mechanism for
both of these observations, and we will compare the results to those for an ICLED grown
lattice-matched to a GaSb substrate (figure 2). We will also discuss possible strategies for
improving the epitaxial quality and device performance.

05 L ; Gasb
Figure 1 - Threading dislocation multiplication Figure 2 - Highly planar and defect free layers
seen in an ICLED grown on GaSb/Silicon. in an ICLED grown lattice-matched on GaSh.

[1] C. S. Kimet al., Opt. Engr. 57, 011002 (2018).
[2] N. Schafer et al., Opt. Engr. 58, 117106 (2019).
* Author for correspondence: incef@unm.edu
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Epitaxial process for growth of ICLED on GaSb/Silicon: The first step in the process
involves GaSb buffer layers that are grown on (001) silicon with an offcut of 4° towards
(111). The native oxide on the silicon is removed using a dilute HF etch resulting in a
hydrogen passivated surface. The I11-V nucleation on the Silicon is achieved by growing a =~
10 nm thick AISb layer at a substrate temperature of 500 °C, followed by the growth of a
1um thick GaSb buffer layer. The GaSh/Si wafers are then transferred to NRL with an
antimony cap to prevent oxidation. An additional GaSb buffer 2-3 pm thick is now grown
followed by the ungrouped active ICLED stages. A control structure is also grown to the
same 22-stage design on a GaSb substrate. The epi-up ICLED grown on silicon exhibits
efficiencies 75% of those for epi-down ICLEDs grown on GaSb when differences in
architecture are accounted for. At 100 mA, 200-um-diameter mesas produce 184 pyW CW at
25°C and 140 pW at 85°C.
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Figure 1 (Left) — Cw L-I characteristics at room temperature for multiple 200-pum-diameter
ICLEDs from Wafers A-D on silicon and control Wafer E on GaSb; Figure 2 (Right) - RT
cw L-I characteristics of multiple epi-up ICLEDs on silicon, compared to that for an epi-
down and AR-coated ICLED on GaSb with active stages divided into 4 groups positioned at
antinodes of the optical field, all with 200 pum mesa diameter. Adjustment of the right power
scale by a factor of 3.3 accounts for architectural differences.
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Figure 3 — XRD Reciprocal Space Map of GaSb on Silicon buffer grown at UNM. Threading
dislocation density is ~ 108/cm? and the GaSb is 99.2% relaxed.
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We have demonstrated quantum interband cascaded superlattice light emitting diodes (QuiC
SLED) operating in the longwave infrared for gas sensing applications. Production scale
growth of strained layer superlattice (SLS) based materials presents challenges associated
with volume material manufacturing and requires solutions for both uniformity and
consistency of material output. We have developed a MBE growth methodology for routine
production of SLS materials for focal plane array applications and applied these capabilities
to growth of QuiC SLED materials for the gas sensing market. The QuiC SLED materials
were developed based on Terahertz Device’s Version 1.5 technology node architecture and
produced by IntelliEPI on an Sb-equipped Riber MBE6000 multi-wafer production MBE
system. The multi-wafer growth run was characterized for defect levels, uniformity of
deposition and wafer warpage. The QuiC SLED materials were processed into surface
emitting diodes based on standard photolithography and wet chemical etching.
Electroluminescence emission was measured by FTIR spectrometer at various operating
temperatures and show emission within the LWIR spectral band. The emission peak
wavelength decreased with drive current from 10.6 pum to 10.2 um.

12
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Figure 1: Electroluminescence emission at 77K
operating temperature for QuiC SLED LW device.
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