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Electrically Tunable Strong Optical Nonlinearity in
Near-Infrared by Coupled Metallic Quantum Wells

Ching-Fu Chen, Haoliang Qian, and Zhaowei Liu*

An electrically tunable nonlinear optical device working at near-infrared
wavelength is theoretically and experimentally demonstrated. Ultrahigh
optical second-order nonlinearity from titanium-nitride-based coupled metallic
quantum wells can be electrically tuned by external electric field. Tunability of
second-order susceptibility x? reaches a 63% modulation depth with an
average tunability of 10.5% per volt. In addition, electro-optic modulation of
second-harmonic signal is presented by continuous tuning of ¥ over a long
period of time with high stability. These results provide a new material
platform with actively controllable strong nonlinearity for future nonlinear
photonic systems, such as ultra-compact opto-electronic modulation devices
and reconfigurable nonlinear metamaterials and metasurfaces.

1. Introduction

Nonlinear optics is a rapidly growing field of research, driven by
advances in ultrafast laser, material science, and nanotechnology
in the past decades.!l!! The nonlinear response of light-matter in-
teraction can lead to interesting phenomena such as harmonic
generation, self-focusing, and optical switching, which further
develop into a variety of important applications in areas of laser
technology, imaging, sensing, spectroscopy, and telecommunica-
tions. In general, optical nonlinearity of natural materials is weak
and non-tunable, which hinders the usage of nonlinear optics in
many practical scenarios.

Coupled quantum wells system is an appealing candidate
for strong and tunable optical nonlinearity, receiving much
attention recently. Semiconductor multi-quantum-well has been
investigated to show high second-order susceptibility y in the
mid-infrared (MIR) regime.l>* In other studies, its tunability
has also been proven via resonant Stark tuning of the optical
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intersubband transitions (ISBTs), while the
working wavelengths fall in the far-infrared
range.[>] More recently, engineered optical
ISBTs in n-doped multi-quantum-well
semiconductor  heterostructures  were
combined with tailored plasmonic meta-
surfaces for giant’ !l and electrically
controllable!'?! second-order nonlinear op-
tical response. Yet, all these demonstrations
are in the long wavelength regime due to
the relatively small band offsets in the
selected semiconductor heterostructures.

On the other hand, nonlinear optics in
the visible and near-infrared (NIR) wave-
lengths play an important role in the devel-
opment of modern science and technology,
including various applications such as
nonlinear plasmonic sensing,¥! nonlinear microscopy for
biomolecules,['*15]  geometrical characterization of nanos-
tructures and atomic monolayers, '] and electro-optic
modulators."*2] In a recent work, we presented an unprece-
dented record-high @ of 1500 pm V~! in NIR using titanium
nitride (TiN) based coupled metallic quantum wells (c(MQWs).[24]
The TiN/AL O, heterostructures have exceptionally large band
offset (=8 eV), supporting multiple ISBTs covering spectrum
range from MIR all the way to ultraviolet. In addition, both
TiN and Al,O, are refractory materials with very high damage
threshold which is especially suitable for high-power nonlinear
optics.[]

Besides pursuing strong nonlinearity, realizing tunable non-
linearity is also significantly important because it enables one
to manipulate nonlinear response unattainable in natural ma-
terials and to facilitate reconfigurable nonlinear metamaterials
and metasurfaces. It is worth noting that scientists have been
seeking after different methods to dynamically control optical
nonlinearity in various material systems in the NIR range.
Several works have been published, such as plasmonic enhanced
electric-field induced second-harmonic (EFISH) that electrically
tunes effective y® which originates from third-order nonlin-
earity and DC electric field y® E_,..;,12°?®] plasmonic-enhanced
charge-assisted second-harmonic (p-CASH) that tunes nonlinear
polarization y®@E_E, by electrically controlling the plasmonic
enhancement,?! field-induced second-order nonlinearity in CdS
nanobelt that creates nonlinear dipole moment by applying high
electric field to distort electron wave function,*"! and tunable
SHG in transition metal dichalcogenides (TMDs) that con-
trols second-order nonlinearity by tuning exciton resonance or
breaking inversion symmetry either electrically or optically.>1-34
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However, none of these works achieves direct modification of
ultrahigh @ such as that in our metallic quantum wells.

In this paper, we demonstrate both theoretically and ex-
perimentally the tunability of strong optical second-order
nonlinearity in our TiN-based cMQWs system. By applying an
external electric field to the cMQWs via a bias voltage, misalign-
ment will be introduced to the doubly-resonant ISBTs, and thus,
the ultrahigh y® can be electrically controlled. For the first time
to our knowledge, a quantum-engineered electrically-tunable
nonlinear optical device working at NIR wavelength is accom-
plished. Our findings pave the way toward a new platform for
on-chip opto-electronic modulation devices and reconfigurable
nonlinear metamaterials and metasurfaces in the near future.

2. Results and Discussion

2.1. Theoretical Model for Electrically Tunable Nonlinearity

Figure 1a shows the schematic of the optical device used to
demonstrate electrically tunable y. The cMQWs, which behave
as an electrically tunable strong nonlinear medium, are sand-
wiched between a uniform TiN ground plane and a patterned
gold (Au) top layer. When a bias voltage is applied, a modu-
lated SHG signal can be observed as a result of tuned second-
order nonlinearity . For the cMQWs, we adopt the design
in our previous work,?*! where one unit of cMQWs consists of
TiN/AL O, /TiN coupled asymmetric quantum wells with thick-
ness 1.0/0.5/2.2 nm. Here, the two TiN metallic quantum wells
with different thicknesses support three equally spaced electronic
subbands, while the middle ultrathin aluminum oxide (Al,O,)
acts as a dielectric barrier for coupling between the two adjacent
quantum wells. A giant y? peak at NIR wavelength of 920 nm,
which carries out SHG at visible wavelength of 460 nm, can be
observed with designed double resonant transitions. Detailed cal-
culation of dipole moments and y®® were presented in our pre-
vious work.**]

Figure 1b shows the conduction band diagram of single
cMQWs unit at its initial state without external electric field.
Electron wavefunctions of the left quantum well (blue) and right
quantum well (red) near Fermi level (dotted) are plotted. ISBTs
are designed to be perfectly aligned for the double resonant tran-
sitions E,; = E;, = 1.34 eV (920 nm) and E;; = 2.68 eV (460 nm).
Under this configuration, the resonance y® reaches as high as
1500 pm V~! at 920 nm, which has been theoretically and experi-
mentally proven.?*] To implement tunability on top of the strong
resonance nonlinearity, external electric field is applied to the
cMQWs system through a bias voltage. As shown in Figure 1c,
when external electric field of 3 MV ecm™ is applied (see the case
for reversed bias in the Supporting Information), the 0.5 nm
Al, O, barrier tilts by 0.15 eV. E,; stays unaltered, but E;, low-
ers to 1.19 eV and E;; changes to 2.53 eV correspondingly. Thus,
ISBTs are deliberately misaligned to break the established dou-
ble resonant condition, and y? peak drops remarkably. Based
on the recently proposed quantum electrostatic model,[2+35] ;@
spectrum with external electric field dependence is calculated and
shown in Figure 1d. The peak becomes weaker and broader as
ISBT misalignment gets greater with increasing external electric
field. Figure 1e marks the trend of decreasing y? peak at its orig-
inal peak wavelength of 920 nm. Notably, y©? drops ~70% in the
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presence of 3 MV cm™! of electric field. Such a large y@ with

high tunability makes the cMQWs a perfect candidate for tun-
able nonlinear optical device.

2.2. Design and Simulation for the Tunable Nonlinear Optical
Device

Figure 2a shows the unit cell design for the tunable @ device.
This metal-insulator-metal (MIM) plasmonic absorber design
is aimed to provide strong absorption of the light at fundamental
frequency, convert incident in-plane polarization to effective
z-direction, and confine the electric field inside cMQWs layer
with large enhancement, thus boost the nonlinear conversion
efficiency. Since @ of the cMQWs layer is dominant in the
vertical direction, strong electric field in the z-direction is critical
for efficient nonlinear process. In addition, the bottom TiN layer
(50 nm) also serves as a bottom electrode, while the top Au layer
(30 nm) serves as a top electrode. These electrodes will be used
to apply external electric field for tuning at a later stage. Inset
of Figure 2a shows more details of the multilayer structure. The
cMQWs layer, which consists of two TiN asymmetric metallic
quantum wells (1.0 and 2.2 nm) and one ultrathin Al,O, dielec-
tric barrier (0.5 nm), is the main active tuning nonlinear layer
providing strong and tunable nonlinearity. The Al,O, layers
above and below the cMQWs layer (10 nm) act as insulating
layers under the electrical biasing. Numerical simulations in this
work are performed with finite element method (FEM) using
commercial software COMSOL Multiphysics. Figure 2b shows
the simulated reflection and absorption spectra with normal
incidence, which results in an absorption peak and a reflection
dip at 920 nm, aligning well with the peak y@ value of the
cMQWs. Measured reflection result drawn in black dashed line
further confirms the design experimentally. Figure 2¢,d show the
distribution of z-polarized electric field at cross-sectional view
and in-plane view, respectively. Color bar indicates the enhance-
ment factor, which is z-component electric field normalized to
the magnitude of incident electric field. Owing to the localized
surface plasmon resonance of the designed nanostructures,
incident electric field is converted from x-direction to z-direction
and enhanced by around 7.8-fold at the vicinity of the cMQWs
layer for effective nonlinear process.

2.3. Fabrication for the Tunable Nonlinear Optical Device

The cMQWs unit composed of TiN metallic quantum wells
and Al,O, dielectric barrier are epitaxially grown by reactive
magnetron sputtering using AJA ATC Orion 8 RF Sputtering
System. At first, 50 nm of TiN is grown on sapphire substrate
to serve as bottom reflective ground plane and bottom electrode.
Note that TiN is chosen for the base layer because it not only
possesses good electrical conductivity, but also provides perfect
lattice matching for the TiN metallic quantum wells to be grown
on top subsequently. Details of film growth conditions are
discussed in the supplementary section. Then, 10 nm of Al, O, is
deposited by atomic layer deposition (ALD) using Beneq TFS200
Atomic Layer Deposition System as insulating layer. Thickness
of this insulating layer is designed to optimize both electrical
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insulating durability and electrical tuning efficiency. That is, the
thicker the stronger for electrical insulating, while the thinner
the more efficient for electrical tuning. As elaborated in the the-
oretical section above, tunability of y® is directly proportional
to the electric potential tilt in the barrier Al,O; between the TiN
metallic quantum wells, which introduces misalignment to the

www.advopticalmat.de

total voltage required for the same x tuning performance
raises when insulator Al,O, gets thicker. Next, the cMQWs layer
consists of TiN/Al,O,/TiN (1/0.5/2.2 nm) asymmetric metallic
quantum wells and ultrathin dielectric barrier are grown by the
reactive magnetron sputtering system. Then, another 10 nm
of Al, O, insulating layer is deposited by ALD, sandwiching the

double resonant transitions. Since the applied voltage drop is cMQWs layer between the two insulating layers. After these thin
equally distributed among the barrier Al,O; and insulator AL,O;,  film depositions, Au nanogrid patterns are created by electron

Figure 1. Schematic and theoretical calculation of tunable y®@ in cMQWs. a) Schematic of the optical device consisting of cMQWs with electrically
tunable @, which is sandwiched between a uniform TiN film as bottom electrode and a patterned Au film as top electrode. b,c) Conduction band
diagram of single TiN-based cMQW:s unit. Thickness of TiN/Al, O3 /TiN asymmetric quantum wells with ultrathin barrier is 1.0/0.5/2.2 nm, respectively.
Electron wavefunctions of the left quantum well (blue) and right quantum well (red) near Fermi level (dotted) are plotted. b) ISBTs are perfectly aligned
for double resonant transitions at 1.34 eV (920 nm) and 2.68 eV (460 nm) without external electric field. c) When external electric field of 3 MV cm™' is
applied, E3, drops to 1.19 eV and E3; changes to 2.53 eV. d) Calculated @ spectrum with different external electric field. e) Decreasing trend of y®
peak at 920 nm with increasing external electric field. y@ drops 70% when 3 MV cm~" of electric field is applied.
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Figure 2. Design and simulated optical response for the tunable y(?) device. a) Unit cell for MIM plasmonic absorber design. Top Au nanogrid is 30-nm-
thick with tailored parameters: width W = 340 nm and period P = 450 nm. Inset shows the details of each layer and its thickness. b) Simulated reflection
(black) and absorption (red) spectra for normal-incident x-polarized light from the top. Designed resonance at fundamental wavelength results in a
reflection dip and an absorption peak at 920 nm. Measured reflection (black dashed) is drawn for comparison. c,d) Simulated electric field z-component
(E,) distribution inside the MIM structure in c) cross-sectional view at the center of the unit cell (x-z plane) and d) in-plane view at the middle of the
0.5 nm Al, O3 barrier layer in cMQWs layer (x—y plane). Wavelength is set at 920 nm. Color bar shows field enhancement relative to the incident field,
which can reach to as high as 7.8-fold inside the cMQWs layer. e,f) Simulated DC electric field distribution in e) cross-sectional view at the center of
the unit cell (x—z plane) and f) along x-direction at the middle Al,O; barrier layer. A bias voltage of 6 V is applied via the top Au nanostructure and the
bottom TiN plane. Peak of DC electric field at the barrier layer can reach to nearly 3 MV cm™'.
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Figure 3. Images of the tunable y? device. a,b) Optical microscope images of single device, including the Au top electrode (300 um x 300 um) and
connection to the Au nanogrid pattern (10 um x 10 um). b) Zoomed-in view for the marked white square in (a). c) SEM image of the Au nanogrid pattern
for the marked white square in (b). Side of the square void is 340 nm while the period is 450 nm, as designed.

beam lithography (EBL) using Vistec EBPG5200 Electron Beam
Writer, followed by electron beam evaporation of Au (30 nm)
using Temescal BJD-1800 E-beam Evaporator and lift-off process.
Finally, Au electrodes are made by photolithography using Hei-
delberg MLA150 Maskless Aligner, followed by sputtered Al,O,
(60 nm), e-beam-evaporated Au (150 nm), and lift-off process.
More details for lithography are listed in the supplementary
section. Figure 3a,b show images of the final device under
optical microscope. The Au top electrode is 300 um x 300 pm
in size with an arm stretching out to connect the Au nanogrid
which is 10 um x 10 um. Design of the Au nanogrid is checked
by scanning electron microscope (SEM) image as shown in
Figure 3c. Size of the square void is 340 nm while the period is
450 nm. Based on our numerical simulation shown in the above
section, this design of Au nanogrid holds strong absorption of
fundamental light at 920 nm and thus contributes to the boost
of nonlinear conversion efficiency.

2.4. Optical Measurement for Electrically Tunable Nonlinearity

Figure 4a depicts the optical setup for the tunable nonlinearity
measurement, where we demonstrate the electrically tunable y?
mechanism by measuring the modulated SHG signal of the de-
vice. We use a Ti:Sapphire femtosecond laser (Spectra Physics
— Mai Tai HP) with 100 fs pulse width and 80 MHz repetition
rate to excite SHG. Excitation filter and emission filter are used
to insure both clean fundamental light illumination and second-
harmonic signal collection, while the dichroic beam splitter re-
flects the incoming 920 nm light and transmits the outgoing
460 nm light. A microscope (Olympus — IX81) with 20x objec-
tive is used to focus incident light onto Au nanogrid of the device
and also collect emitted SHG signal to the Photomultiplier tube
(PMT, Hamamatsu — H10721-20). To increase the signal-to-noise
ratio during the measurement, a lock-in amplifier (Stanford Re-
search Systems — SR844) is implemented with input reference
from the femtosecond laser. A voltage source (Agilent Technolo-
gies — E8257D) is used to apply external electric field to the device.

Adv. Optical Mater. 2023, 2302176
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First, we check our device’s y® performance without any bias
voltage. Figure 4b shows the SHG emission spectrum under a
920 nm laser pulse with normal incidence. Solid red diamonds
are experimental results, which are fitted by a gaussian-shaped
function (blue line). Inset of Figure 4b shows the power relation
between measured second-harmonic counts and input power of
the laser. The fitting curve is exponential to the power of 2.0,
which helps us confirm that the signal we collect is indeed all
from second-order nonlinear process. Figure 4c shows measured
wavelength-dependent SHG power efficiency at the incident peak
intensity of 10 GW cm™2, where solid red diamonds are experi-
mental results with error-bar and blue line is a fitting curve. Since
the absorption peak of plasmonic absorber is tailored to align
with the y©@ peak of the cMQWs, SHG efficiency reaches its max-
imum at 920 nm.

Next, we demonstrate y tunability at 920 nm by measur-
ing voltage-dependent SHG intensity at 460 nm. Since SHG is a
solely second-order nonlinear process, SHG intensity can be in-
terpreted as y@ strength. In Figure 4d, as bias voltage increases,
1? decreases due to ISBTs misalignment caused by external elec-
tric field. When bias voltage reaches 6 V, which corresponds to
an electric field magnitude of 3 MV cm™! across our device, y?
strength drops to 0.37 of its original value. This results in a mod-
ulation depth of 63% and an average tunability of 10.5% per volt.
Experimental result (solid red diamonds) agrees well with theo-
retical prediction (blue line). Furthermore, we utilize y adapt-
ability to demonstrate electro-optic modulation of SHG signal.
Figure 4e shows continuous tuning of ¥, which is observed as
switching SHG signal “HIGH” and “LOW” over a long period of
time. When the applied voltage is absent, intrinsically perfectly
aligned double resonant transition of ISBTs inside cMQWs pro-
vides maximum y?, and SHG signal is turned “HIGH”. With
the presence of applied voltage, external electric field offsets the
ISBTs double resonance alignment and reduces y?, which re-
sults in low SHG signal or switching to the “LOW” state. Note
that here we use an AC voltage source, where the peak-to-peak
voltage of 6 V is equivalent to the DC root-mean-square voltage
of 2.12 V. More details of experimental settings are described in

© 2023 Wiley-VCH GmbH
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Figure 4. Optical measurement setup and result for the tunable y®@ device. a) Optical setup for the tunable y( measurement. b) SHG emission
spectrum under a 920 nm laser pulse. Inset: power relation between measured SHG counts and input power of the laser. The fitting curve is exponential
to the power of 2.0. c) Wavelength-dependent SHG power efficiency under incident pulse intensity of 10 GW cm~2. d) Tunability of @ with respect
to externally applied control voltage. Average tunability is 10.5% per volt. e) Electro-optic modulation of SHG signal based on adaptability of »(?) with
modulating bias voltage. Measured SHG intensity (red line) is at HIGH state when external bias voltage (black line) is off, while SHG intensity is switched
to LOW state when bias voltage is turned on. Stability proven across a time period of 60 s.
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the supplementary section. Under 2.12 V, measured “LOW” state
can reach down to 0.7, with normalization to “HIGH” state. In
other words, we have achieved a 30% modulation depth of non-
linear SHG signal with high stability. Data are collected across
a time period of 60 s to prove stability. In terms of modulation
speed, since the response time of ISBTs is in few-femtosecond
level, which is orders of magnitude faster than the RC time con-
stants of electro-optic devices up to date, the switching speed of
our device is essentially limited by the RC time constant of the
biasing circuit. Our discoveries offer a competitive candidate for
compact high-speed optical modulators in the future.

3. Conclusion

In summary, we have successfully demonstrated a quantum-
engineered optical device with electrically tunable nonlinearity
working at NIR wavelength. Ultrahigh y® of 1500 pm V~! at
920 nm can be tuned with a modulation depth of 63% and an
average tunability of 10.5% per volt. Electro-optic modulation of
nonlinear SHG signal at 460 nm is shown with 30% modula-
tion depth under 2.12 V biasing with high stability. Our mate-
rial system can be further integrated to build a more advanced
nonlinear optical device. For example, since the intrinsic giant
nonlinearity originates from ISBTs, which has response speed
in hundreds of terahertz level, this quantum-well-based material
system is obviously one of the best candidates for a high-speed
modulator. Another example is a compact optical device with pro-
grammable nonlinearity. We can achieve spatial control of opti-
cal nonlinearity, such that the nonlinear response of an incoming
light field can be controlled and modulated pixel-by-pixel at indi-
vidual nanogrid level. Our research paves the way for developing
modern ultrafast and ultra-compact photonic system equipped
with actively controllable nonlinearity.
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