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ABSTRACT: Fabry—Pérot metal—insulator—metal (MIM) nanocavities are widely used in nanophotonic applications due to
their extraordinary electromagnetic properties and deeply subwavelength dimensions. However, the spectral response of
nanocavities is usually controlled by the spatial separation between the two reflecting mirrors and the spacer’s refractive index.
Here, we demonstrate static and dynamic control of Fabry—Pérot nanocavities by inserting a plasmonic metasurface, as a passive
element, and a gallium doped-zinc oxide (Ga:ZnO) layer as a dynamically tunable component within the nanocavities” spacer.
Specifically, by changing the design of the silver (Ag) metasurface one can “statically” tailor the nanocavity response, tuning the
resonance up to 200 nm. To achieve the dynamic tuning, we utilize the large nonlinear response of the Ga:ZnO layer near the
epsilon near zero wavelength to enable effective subpicosecond (<400 fs) optical modulation (80%) at reasonably low pump
fluence levels (9 mJ/cm?). We demonstrate a 15 nm red shift of a near-infrared Fabry—Pérot resonance (1 & 1.16 ym) by using a
degenerate pump probe technique. We also study the carrier dynamics of Ga:ZnO under intraband photoexcitation via the
electronic band structure calculated from first-principles density functional method. This work provides a versatile approach to
design metal nanocavities by utilizing both the phase variation with plasmonic metasurfaces and the strong nonlinear response of
metal oxides. Tailorable and dynamically controlled nanocavities could pave the way to the development of the next generation

of ultrafast nanophotonic devices.
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Nanophotonic devices overcome the diffraction limit via
locally confining electromagnetic fields and enable
approaches to manipulate light on deeply subwavelength
scales."”” Recently, a growing interest in the active control of
nanophotonic devices has led to the development of low-power
reconfigurable and ultracompact switching devices.” > Active
control of the optical response holds great promise for the next
generation of on-chip nanophotonic and optoelectronic
devices. Active modulation by means of thermal,”” mechan-
ical,>” electrical,*'°~"* and optical tuning'*~"” has already been
reported. These strategies have successfully demonstrated the
potential of dynamic modulation; however, many approaches
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are limited by low switching speed and/or high power
consumption.

The longstanding interest in the efficient control of large and
ultrafast optical nonlinearities has recently made degenerate
semiconductors, such as the transparent conducting oxides
(TCOs) indium tin oxide (ITO),B‘m_21 aluminum-doped zinc
oxide (Al:Zn0),”*”** and indium-doped cadmium oxide
(ICO),” extremely attractive for dynamic nanophotonic
devices. In fact, these compounds, when operating close to
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their epsilon near zero (ENZ) wavelength where the real part
of the permittivity has a crossover from the positive to the
negeztive,26’27 have proven to overcome the typical trade-oft
between amplitude and speed of their nonlinear re-
sponse.'***** Optical tuning of metal oxides triggered by
photocarrier excitation has been successfully demonstrated with
various geometries and materials’>*** and incorporated in
plasmonic systems.'”'” However, a practical approach to design
actively tunable devices by adopting metal oxides into
conventional nanophotonic devices has not been reported yet.

Here, we demonstrate all-optical tuning of a metal nanocavity
embedded with a TCO thin film (thickness < 1/17) to achieve
the ultrafast spectral tuning of a Fabry—Pérot resonance in the
NIR excited near the ENZ wavelength. Metal—insulator—metal
(MIM) configurations have been extensively studied in
photonics and plasmonics due to their strong lizght-matter
interaction within subwavelength dimensions.”®” Simple
design and ease of fabrication make MIM structures common
in nanophotonics, as evident from the large volume of
demonstrations such as negative index metamaterials,”® beam
splitter,”** sensor,”** absorber,>*¢ waveguide,37’3’8 nano-
focusing,39 filters,"**" nanolasers,"** and polarizer.lz’44 Thus,
far, dynamic tuning of MIM-based devices has not been
demonstrated. Although electrically driven active absorption
tuning in the mid-infrared has been accomplished with ITO
embedded MIM metafilms, the demonstrated switching speed
was limited by the device capacitance.'” In comparison with
electrical control, intraband pumping on TCOs embedded
metal nanocavity offers a large optical modulation under
relatively modest fluences (9 mJ/cm?) and ultrafast THz
switching speed (>2.5 THz).”"** We observe that Fabry—Pérot
resonance in an optical cavity can be transiently red-shifted to
enable ON/OFF modulation of the transmitted signal up to
80%. Along with dynamic tuning of nanocavities, we present a
versatile method to design the nanocavity resonance with a
metasurface.* We design the embedded metasurface to provide
an additional phase to reflected waves such that the round-trip
27 phase accumulation inside the nanocavity is fulfilled. This
approach has been reported to realize ultrathin color filter in
the visible range.”> Consequentially, we observe red-shifted
cavity resonances far below the conventional A/2 cavity
dimension minimum. Our work could enable actively control-
lable devices for beam steering, adaptive color filtering, and
dynamic polarization rotation by using a set of diverse
resonance modes in MIM configurations at subwavelength
scales.

Experiment, Results, and Discussion. The schematic
diagram of our silver-based nanocavity with embedded gallium-
doped zinc oxide (Ga:ZnO) as an dynamically tunable element
is sketched in Figure la. In general, a nanocavity composed of
two reflecting metal mirrors separated by a dielectric spacer can
support Fabry—Pérot resonance under the condition 42nL/4 +
2, ® 27wm, where L is the thickness of the cavity (Lo, wop T

LAIZOLbottom + Lgazm0), 1 is the refractive index of spacer, ¢,, is

the reflection phase-shift at the interface between metal and
dielectric spacer as indicated in Figure 1a, and 4 is the effective
wavelength. Therefore, with the introduction of a metal oxide,
the resonance of the nanocavity can be modulated by
Ang,7n0LGaznoy Where Ang,.7.o is an induced change in the
refractive index of Ga:ZnO (Ang,z,0) under intraband
pumping and Lg,z,0 is the thickness of Ga:ZnO layer. The
optical properties of Ga:ZnO thin film were first characterized
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Figure 1. (a) Cross-sectional schematic of the Ga:ZnO embedded
nanocavity. The thickness of both top and bottom Ag mirror is 24 nm,
total thickness of alumina is 230 nm and the thickness of Ga:ZnO is 70
nm. The reflection phase-shift from metal mirrors (¢,,) and phase-
shift from cavity (4znL/1) are indicated. (b) Experiment (solid line)
and simulation (dashed line) of transmission spectra of nanocavity
with four different geometries. (b.1) Normal nanocavity. (b.2)
Nanocavity with Ag metasurface. P and W is the periodicity and line
width of Ag metasurface. (Inset: top view of FE SEM image of
fabricated Ag metasurface). (b.3) Nanocavity with Ga:ZnO film. (b.4)
Nanocavity with both Ag metasurface and Ga:ZnO film. Spectral
region of probe tunability is shaded with a gray rectangle.

by spectroscopic ellipsometry measurements (see Methods).
To attain a near-infrared (NIR) Fabry—Pérot resonance in
proximity to the ENZ wavelength of Ga:ZnO, the thickness of
Ag, aluminum oxide (AL O;), and Ga:ZnO were set at 24, 230,
and 70 nm, respectively. Ga:ZnO is spaced 25 nm from the
bottom Ag reflecting mirror to maximize the overlap of the
Ga:ZnO layer and the internal electric field. The filling ratio of
Ga:ZnO to AlLO; is carefully optimized to have a high-
transmitted signal at the NIR resonance which can be
suppressed by the intrinsic optical loss of Ga:ZnO (see
Supporting Information S1).

In addition, we prepare the nanocavities with Ag metasurface
to control the cavity resonance without changing the vertical
dimension. The design of our metasurface nanocavity is
sketched in the inset of Figure 1b.2. Here, the resonance
condition of the nanocavities can be modified as 4znL/A + 2¢,,
+ (s ® 27m where ¢, is the phase-shift induced by the
metasurface.” The additional phase-shift from metasurface
induces the red shift of cavity resonance to satisfy the resonance
condition. We find that the resonant wavelength is dependent
on the metasurface’s lateral dimensions which provides an
additional degree of freedom for controlling the resonant
wavelength beyond the conventional adjustment of cavity
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Figure 2. (a) Pump and probe setup. (b) Normalized Gaussian fit (orange line) of the Lorentzian maxima representing the probe pulse is compared
to the resonance (green dashed line) measured by ellipsometry on the nanocavity with Ga:ZnO and without a metasurface. For the sake of clarity
only few spectra are shown. (c) Normalized resonance shift of about A4 = 15 nm of the nanocavity with 70 nm Ga:ZnO film and under pump
excitation of intensity I = 9 mJ/cm® (d) Normalized resonance of the nanocavity with W = 65 nm and P = 125 nm Ag metasurface under pump

excitation of intensity I = 90 GW/cm?, no resonance shift displayed.

thickness (see Supporting Information S3). As shown in Figure
1b, the nanocavity with a continuous 230 nm thick ALO;
spacer (Figure 1b.1) supports the first order Fabry—Pérot
resonance at the wavelength of 1.01 um. By inserting the 70 nm
Ga:ZnO film (Figure 1b.3), the resonance is red-shifted to the
wavelength of 1.16 pm due to the increase of the overall cavity
thickness. For static tuning with metasurface (Figure 1b.2), the
width (W) and periodicity (P) of the nanocavities are set to 65
and 125 nm, respectively; these dimensions were chosen to
shift the first order Fabry—Pérot resonance to 1.16 um.
Consequentially, we compensate the 150 nm resonance shift by
the introduction of the Ag metasurface to match the resonance
of both nanocavities with the metal oxide and the metasurface.
Nanocavities with metasurface are also essential for comparing
the separate transient contributions from the Ag and Ga:ZnO
layer because Ag can also contribute to the optical modulation
via NIR free-carrier absorption. All samples were fabricated at
the same time and the vertical dimensions of all nanocavities
are identical except for the introduction of the Ga:ZnO layer.
The supporting document contains more details about the
fabrication. Lastly, we observe that the resonance in the
nanocavities embedded with both the metal oxide layer and the
metasurface (Figure 1b.4) is red-shifted, similar to our
observations of inserting metasurfaces into normal nanocavities.
This indicates that the introduction of metasurfaces can be
applicable to the design of active devices, maintaining the
subwavelength scale of nanocavities.

We investigate the tunability of our devices using a pump—
probe setup as depicted in Figure 2a. The output of a 100 Hz
Ti/sapphire laser (Arg = 787 nm; 7 ~ 100 fs) is fed into a
Topas optical parametric amplifier (OPA) to produce a broad-
spectrum pump—probe pulse. The available wavelength
tunability range spanned from 1.12 to 1.6 um (see gray
highlight in Figure 1b). A degenerate pump—probe config-
uration (Apope = Apump) Was used to evaluate the device

dynamics, this was necessary to optimize the coupling of the
pump while recording the Fabry—Pérot mode in the NIR range.
Initially, the setup was calibrated against the acquired
ellipsometry data for the linear case (no pump). For calibration
purposes, transmission spectra were recorded for different pulse
wavelengths using a Czerny-Turner spectrograph (Andor
Shamrock 163 Imaging Spectrographs coupled with an iDus
InGaAs detector array). All the acquired curves were then fit
with Lorentzian functions whose peaks were finally used to
draw the device resonances which were approximated by a
Gaussian curve as depicted in the Figure 2b. The characteristic
resonances recorded via the two described processes (ie.,
ellipsometry and direct transmission of the tuned probe) were
the same in within the experimental error. Figure 2¢,d reports
the transmission spectra with (dashed blue line) and without
(solid orange line) optical pumping for both the cavity inclusive
of the Ga:ZnO layer and the one with the silver nano-
patterning, respectively. As it is evident from Figure 2¢,d, an
appreciable spectral shift of the cavity resonance was apparent
only for the device with the Ga:ZnO layer. This indicates that
the photoinduced carrier effects in the Ag mirrors and
metasurface were not enough to induce the resonance shift
under the same condition of intraband excitation of Ga:ZnO;
hence, the induced red shift in resonance of the nanocavity
results from the carrier dynamics of the Ga:ZnO film and not
from the Ag components. Even though the absolute value of
the induced frequency shift is not large if compared to the
resonance line width, it is still enough for enabling a remarkable
signal modulation when operating in the linear region (see 4,
point in Figure 2¢,d). At this operational wavelength (4, = 1.2
um) even a small frequency shift can produce a substantial
change in the transmitted power (see green arrows Figure 2a).

To record such a modulation and acquire more insights
about its nature, we performed a standard degenerate pump
and probe experiment at 4, = 1.2 ym. The signal transmitted
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Figure 3. (a) Percentage of the change in transmission as a function of the delay At between the pump and probe pulses in Ga:ZnO embedded
nanocavity. Transient dynamics is modeled with two temperature model (pink solid line). Three temporal phases have been identified: rise time,
modulation region, and thermal tail. (b) Dielectric functions of Ga:ZnO thin film. Real (solid) and imaginary (dotted) part of permittivity of
Ga:ZnO films are extracted by spectroscopic ellipsometry measurement without pump and fitted by numerical simulations with pump. (c) Refractive
index of Ga:ZnO films calculated from the extracted dielectric function. Temporal positions for on/off pump states are indicated in panel a.

through the sample was recorded as a function of the time delay
A7 between the pump and the probe. The normalized transient
transmissivity is plotted as a function of A7 in Figure 3a, where
three regions can be identified. The first two regions (labeled as
“excitation” and “modulation” regions) are equally short and
account for an overall ON/OFF time of about 400 fs. A third
range, named “thermal” region, is also identified. As shown by
the solid pink curves in Figures 3a, the intraband material
responses can be successfully modeled using the two-temper-
ature model (TTM) (see Supporting Information). The
intraband dynamics of the Ga:ZnO film results in a
nonequilibrium hot electrons which relax their excess energy
to the lattice via a series of electron—phonon scattering
processes, heating the lattice.* The decay rate of AT/T was
fitted to extract the electron phonon-collision time (Tep) and
found to be 7., = 212 fs. The long-time constant used for the
fitting curve describes a typical slow thermal relaxation process.
Excluding slow effects, which only account for a limited fraction
of the change in transmission, £80% modulation in <400 fs was
attained.

The transient change in the optical properties of Ga:ZnO
was estimated by fitting the shifted spectral response of the
nanocavity with numerical simulation using a commercially
available software based on the finite element method
(COMSOL Multiphysics) (see Methods). Because the optical
response of Ga:ZnO is dominated by the Drude response in the
NIR range, we fit the Drude plasma frequency

he
m: Mok,
match the resonance shift observed by the pump—probe
measurement, where N, is the carrier concentration, my is the
mass of electron, m¥ is the effective mass of electron, and . is
the electron mobility. From the extracted @, and I, listed in

P )
the Table 1, dielectric function and refractive index of Ga:ZnO

(o ) to

= LN;) and damping coefficient (I}, =

P
Eofo™Me Mo

Table 1. Summary of the Extracted Properties of Ga:ZnO
Film“

,
@) T V) u(V)  mE o p (V)
no pump 1.850 0.0895 3.6803 0.1911 6.770
(T, = 300 K)
1.700 0.0929 3.5056 0.2263 5.507

pump
(T, = 1891 K)

“This includes plasma frequency (w,), the Drude damping coefficient
(T p), chemical potential (i), effective mass (m*), and electron

mobility (k).

at two different states are plotted in Figure 3b,c, respectively.
We observed that intraband excitation on Ga:ZnO film with 8%
light absorption at pump level (9 mJ/cm?) induces a 130 nm
spectral shift of the ENZ wavelength with a small variation
(6.5% increment) on damping coefficient. At 4, = 1.2 um, the
absolute estimated change in refractive index (Angyzno) is
modest (0.24), while the relative variation (Ang,.7,0/MGazn0) 1S
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more conspicuous accounting for 26%. As previously reported
by using different metal oxides, operating in within the ENZ
spectral window gives rise to largely enhanced nonlinearities
which are directly responsible for the optical modulation we
recorded in our devices.”"*

To further analyze the optical response, we compute the
carrier distribution of Ga:ZnO in the conduction band under
the intraband excitation. The electronic total density of states
(TDOS) of 6 wt % doped Ga:ZnO thin film was obtained from
first-principles density functional theory (DFT) in our previous
study.”” As the increase of lattice temperature is less than 3 K at
the photoexcitation, we do not take the thermal lattice
expansion into account. Chemical potential (i) at pump state
is calculated from the assumption that the intraband excitation
does not generate extra carriers in the conduction band
(N, pump = Ne_no pump = 1.176 X 10*! cm™3). From the electrical
properties of Ga:ZnO thin film measured by hall effect system
(MMR Technologies, Inc.) at the room temperature, we
calculated the photoinduced change of m¥ and p. All
parameters extracted from calculation are also listed in Table
1. The T, from TTM model was applied to compute the
Fermi—Dirac distribution f(E,T.) as shown in Figure 4a. The

f(E)

ME) (p“mp) .
=

=
Q2
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Figure 4. (a) The density of state per unit volume per unit energy
g.(E) and Fermi—Dirac distribution f(E) of Ga:ZnO film. Pump state
is estimated from the elevated electron temperature calculated from
the TTM model. (b) Carrier distribution of Ga:ZnO thin film
calculated by multiplying g.(E) and f(E). The total number of carrier
concentration N is the area of carrier distribution.

chemical potential is slightly shifted to lower energy (Ap =
0.175 eV) and the TDOS per unit volume and per unit energy
g.(E,T,) is broaden due to the change of m¥ at the pump state
from the relation g.(E,T.) m*¥2. As shown in Figure 4b, the
carrier distribution can be simply calculated from the equations
N(E) = g(E) X f(E). As the T, is increased by the phonon—
electron interaction, some number of electrons transiently
occupy the higher energy levels, which are referred to as hot
electrons. This feature explains that the intraband pumping
excites free carriers to the hot state and changes the distribution
of free electrons in the conduction band. Consequently, the
transient change of the motion of electrons (m¥* and ) in the
conduction band modifies electronic band structure, resulting

in a change of optical properties of Ga:ZnO dominated by the
free carrier interaction with light.

Conclusion. In conclusion, the transient behavior of active
nanocavities under IR excitation have been investigated by a
degenerate pump and probe technique. By introducing a deeply
subwavelength Ga:ZnO thin film (4/17) into a classical optical
component, we introduce dynamic tuning into an otherwise
passive devices. A 15 nm shift in the Fabry—Pérot resonance
was recorded together with an ultrafast (<400 fs) ON/OFF
modulation of the transmitted signal up to 80%. From the
comparison study with oxide-free nanocavity, we identify that
the temporal dynamics of active nanocavity result from the
nonlinearities of the inserted Ga:ZnO. In addition, we
introduce an approach to tailor the cavity resonance by
embedding plasmonic metasurface that provides the degree of
freedom to design the nanocavities and optical modulators
without changing the vertical dimension. Our results pave the
way for the design of active nanophotonic devices assisted by
TCOs as a dynamic materials platform.

Methods. Sample Characterization. The optical properties
of 70 nm thick Ga:ZnO films were characterized by variable
angle spectroscopic ellipsometry (V-VASE, J.A. Woollam) in
the spectral region from 350 to 2500 nm. The dielectric
function of the films was retrieved by fitting a Drude—Lorentz
oscillator model to the ellipsometry data. The following
equation describes the Drude—Lorentz model where the
second term comes from the Drude model and the third
term represents the Lorentz oscillator

2 2
Dy -7[1601
w(o + i) ol — o* - iol;

e(w) = ¢ —

The transmission spectra of fabricated nanocavities were first
measured using the spectroscopic ellipsometry. The light
source is a xenon lamp with a broadband visible to NIR
spectrum. The diameter of the incident beam was set to be 400
pum. The beam sequentially passed through a monochromator,
a polarizer, and it is used to expose the sample; then it was
collected by a detector. The pump probe measurement was
designed to record possible dynamic alterations of a targeted
resonance under degenerate pumping. At the beginning,
selected resonances were recorded by setting the correspondent
polarization and following the calibration process described in
the content. Subsequently, output spectra were recorded under
degenerate optical pumping where the OPA output wavelength,
which was split to produce both the pump (I, = 90 GW/
cm®) and the probe (I, = 0.05 GW/cm?) signals, was tuned
across the resonance line width in steps of 5 nm.

Simulations. We validated the experimental spectra with
numerical simulations using a commercially available software
based on the Finite Element Method (COMSOL Multi-
physics). The simulation model is a simplified two-dimensional
model with periodic approximations. The periodicity is defined
as 150 nm for both a nanocavity with metal oxide layer and a
nanocavity with metasurface. The periodic condition is applied
to boundary. The index of glass substrate and aluminum oxide
are set to 1.50 and 1.76, respectively. The theoretical analysis
for nonlinear response was calculated by two temperature
models. The supporting document contains more details about
the model. By applying the density of state (DOS) calculated
by first-principle method (DFT), the carrier distribution of
Ga:ZnO at the conduction band was estimated. The

DOI: 10.1021/acs.nanolett.7b03919
Nano Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.nanolett.7b03919

Nano Letters

Supporting Information contains more details about the
calculations.
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