
 

Nanoscale optical pulse limiter facilitated by
refractory metallic quantum wells
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Comparison of the traditional bulk transmission-mode and the proposed
nanoscale reflection-mode pulse limiters. (A and B) Conventional configurations
(not to scale) widely used for optical limitation based on Kerr-induced self-
defocusing (A) and Kerr-type nonlinear absorption (such as TPA) (B). The
former is achieved by inserting a bulk Kerr medium behind the focal plane to
accelerate the divergence of an incident Gaussian beam with a high intensity so
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that only a fraction of the beam is allowed to pass through a preassigned
aperture. The latter is performed by placing a bulk Kerr medium ahead of the
focal plane to absorb the incident beam’s high-intensity portion. Note that an
inhomogeneously distributed bulk Kerr medium, as shown in (B), is desired to
maximize the nonlinear absorption. (C) Recently emerging reflective optical
limiter (not to scale). To limit the high-intensity transmission, instead of
increasing the absorption (B), the reflection of the reflective pulse limiter will be
enhanced because of off-resonance above the threshold intensity. (D) Schematic
representation of the nanoscale reflective optical limiter (not to scale). The
deeply subwavelength optical limiter film can be integrated onto the surface of
an existing optical component. Credit: Science Advances, doi:
10.1126/sciadv.aay3456

In the past several decades, physicists have conducted deep laboratory
investigations into nonlinear optics, plasma physics and quantum science
using advanced high-intensity, ultrashort-pulse lasers. Increased use of
the technology naturally risked damaging the optical detection systems
and therefore they proposed a variety of optical limiting mechanisms
and devices. Device miniaturization of such designs while maintaining
superior integrability and control can, however, become complex. In a
new report, Haoliang Qian and a research team in electrical and
computer engineering, materials science, chemistry and the Center for
Memory and Recording Research at the University of California, San
Diego, U.S., detailed a reflection-mode pulse limiter. They engineered
the device using nanoscale refractory films made of aluminum oxide and
sandwiched titanium nitride (Al2O3/TiN/Al2O3) to build the metallic 
quantum wells (MQWs). The quantum size effect of the MQW provided
large and ultra-fast Kerr-type nonlinearities. Functional multilayers
containing these MQWs will find new applications in meta-optics,
nanophotonics and nonlinear optics, and the results are now published on
Science Advances.
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https://www.sciencedirect.com/science/article/abs/pii/S0921452604007513
https://arxiv.org/abs/physics/0207122


 

An optical limiter can facilitate linear transmission or reflection below a
certain incident light intensity or power threshold, and above that
threshold, the device can keep the reflected optical power at a tunable
value. An appropriate limiter stationed in front of an optical sensor can
protect the sensor and extend its working range to conditions more
extreme than previously thought possible. Passive optical limiters have a
fast response time and are in wide use to limit short optical pulses. The
devices are made of materials with one of the following properties – 
nonlinear optical properties, including nonlinear refraction, nonlinear
absorption or nonlinear scattering. Most nonlinear processes are based on
the optical Kerr effect (electro-optical feature), giving rise to an ultrafast
response time. Researchers therefore study extraordinary Kerr-type
nonlinear materials as a critical element for new passive optical limiters
to protect against ultrashort optical pulses. Kerr-type passive optical
limiters are generally made of macroscale solid or liquid media.
Scientists are yet to report on a material or system that provides a strong
enough nonlinearity in the nanoscale in order to facilitate a reflection-
mode pulse-limiting effect.
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https://www.sciencedirect.com/topics/chemistry/optical-limiting
https://www.sciencedirect.com/science/article/abs/pii/007967279390004S
https://link.springer.com/article/10.1007/s003400200862
https://www.nature.com/articles/nmat4081
https://www.nature.com/articles/nmat4081
https://www.nature.com/articles/nmat4081
https://www.osapublishing.org/josab/abstract.cfm?uri=josab-9-7-1100
https://www.sciencedirect.com/topics/physics-and-astronomy/kerr-effect
https://www.elsevier.com/books/nonlinear-optics/boyd/978-0-12-369470-6
https://www.elsevier.com/books/nonlinear-optics/boyd/978-0-12-369470-6


 

  

Spatio-temporal characterization of pulses. a, Beam profile of SHG generated
from the selected unfocused near-IR beam. b, Linewidth of SHG signals from a
single-shot autocorrelator. c, Calibration curve of the single-shot autocorrelator.
Credit: Science Advances, doi: 10.1126/sciadv.aay3456

In this work, Qian et al. detailed a nanoscale Kerr-type optical limiter
based on the durable MQW (metallic quantum wells) material system to
generate femtosecond pulses. The device contained refractory materials
such as titanium nitride (TiN) and aluminum oxide (Al2O3); ideal for
high-intensity nonlinear optical applications developed on a sapphire
substrate with atomic level accuracy. In the setup, they quantized the
free electrons in the metallic well (TiN) sandwiched between the
neighboring dielectric barrier (Al2O3). This experimental arrangement
allowed the electronic conduction band of the confined TiN nanofilm to
split into subbands. The team noted the first five subbands to be below
the Fermi level, providing a wealth of electronic transitions. The
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transitions contributed to the pulse-limiting effect via the Kerr
nonlinearity of the MQW setup and affected a variety of multiphoton
absorption processes. The plentiful electronic subbands allowed
unprecedented pulse-limiting behavior in the nanoscale refractory thin
films.

  
 

  

Multiple electronic subbands in the quantum-sized TiN films enabling
extraordinarily high Kerr coefficients. (A) Conduction band diagram of a TiN
MQW (left) and the corresponding electronic dispersion of subbands (right). The
Fermi level EF (~4.6 eV) is shown as the dashed line. The red arrows indicate
the single-photon intersubband transitions between subbands ∣2⟩ and ∣3⟩. (B)
Wavelength dependence of the nonlinear optical constant n2 of a 2-nm-thick
TiN film, measured by the z-scan technique using 45°-incident p-polarized laser
pulses (100-fs pulse width, 1-kHz repetition rate; Astrella, Coherent) with the
intensity of ~70 GW/cm2. Note that a minus “−” is used in the imaginary party
of the n2. The red arrow corresponds to the calculated transition wavelength
shown in (A), while the solid lines are the spline-fitted curves. The fluctuations
in multiple measurements at various locations are indicated by the error bars
(SD). Inset shows a typical transmission electron microscopy (TEM) cross-
section of a TiN MQW thin film. Credit: Science Advances, doi:
10.1126/sciadv.aay3456
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Due to the plasmonic effect of the constituent TiN, metallic quantum
well samples exhibited a metal-like high reflection at low-intensity
illumination. During z-scan measurements used to measure nonlinear
optical properties of materials, the team observed a resolved resonant
peak associated with the single-photon transition (Kerr nonlinearity)
between subbands, which agreed with the calculated band structure. The
proposed MQW functioned as a dielectric during high-intensity
illumination to form a first-in-study reflection-mode optical limiter,
providing a new degree of freedom to design an optimal optical limiting
system. The nanoscale thin film MQW for a femtosecond pulse limiter
worked in the reflection mode and Qian et al. integrated it on to the
surface of an optical component to simplify the optical limiting
configuration. They achieved unprecedented tunability for the devices
by stacking MQWs as metamaterials and obtained a versatile nanoscale
pulse limiter; a crucial element to design compact optical and photonic
systems.
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Experimental demonstration of the reflection-mode nanoscale femtosecond
pulse limiter using TiN-based MQWs. (A) Experimental configuration of the
reflection-mode pulse limiter (not to scale). The attenuator is used to vary the
incident powers for obtaining pulse-limiting curves. (B) Typical TEM cross
section of a 7-unit MQW thin film. The layer on top of the MQWs is a
protective layer used only for TEM cross section preparation during the focused
ion beam cutting process. (C) Intensity dependence of the measured reflected
power for samples with a single unit and 7 units of MQW at the wavelength of
1997 nm (100-fs pulse width, 1-kHz repetition rate, 130-μm beam radius, 45°
incidence, and p polarization). The dashed lines show the corresponding linear
reflection curves. The onset-of-limiting intensity Ion is defined in the main text.
Insets show a zoomed-in TEM cross section of the 7-unit MQW thin film (left)
and a dark-field high-resolution TEM image (right) showing the high quality of
the grown multilayer. Credit: Science Advances, doi: 10.1126/sciadv.aay3456

Due to metamaterial-enabled engineering the thickness of the nanoscale
MQW films provided extraordinary tunability of pulse-limiting
performance compared to conventional bulk optical limiters. Additional
experiments revealed for the strong Kerr response of MQWs to originate
from the single-photon transition between specific subbands. Due to
single-photon absorption (1PA) and two-photon absorption (TPA)
processes, free electrons above the Fermi sea could be continuously
promoted in the setup. Based on the results, Qian et al. believe the
observed multiple inter-subband transitions and their broadband Kerr
effect in MQW systems to have similar pulse-limiting effects in the near-
infrared (NIR) wavelengths.
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Physics of optical Kerr nonlinearities of the MQWs. (A and B) Intensity-
dependent refractive index nI extracted from the experimentally measured
reflectivity and transmissivity [“exp” in (A)] and fitted by the single-photon
absorption (1PA) and two-photon absorption (TPA) saturation models [“fit” in
(B)]. Inset of (B) shows diagrams representing the Kerr, 1PA, and TPA
processes, respectively. The sample used has 7 units of MQW, and the data are
taken at the wavelength of 1997 nm. Credit: Science Advances, doi:
10.1126/sciadv.aay3456

In this way, Haoliang Qian and colleagues demonstrated a nanoscale
reflection-mode femtosecond pulse-limiting thin film made of refractory
materials for the first time in this study. They facilitated the setup using
large and ultrafast optical Kerr nonlinearities of the embedded MQWs.
The team credited the unprecedented, intensity-dependent Kerr
nonlinearities to the electron subbands in the MQW. The work provides
a new mechanism to engineer extraordinary optical nonlinearities and
novel applications with options for further tunability of nontrivial optical
limiting and applications in nonlinear optics and integrated photonics.

  More information: Haoliang Qian et al. Nanoscale optical pulse
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