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Abstract: We study the nonlinear optical response of a fishnet structure-
metamaterial all-optical switching device that exhibits two near-infrared
negative-index resonances. We study and compare the nonlinear optical
response at both resonances and identify transient spectral features
associated with the negative index resonance. We see a significantly
stronger response at the longer wavelength resonance, but identical temporal
dynamics at both resonances, providing insight into separately engineering
the switching time and switching ratio of such a fishnet structure
metamaterial all-optical switch. We also numerically reproduce the
nonlinear behavior of our device using the Drude conductivity model and a
finite integration technique over wide spectral and pump fluence ranges.
Thereby, we show that beyond the linear properties of the device, the
magnitude of the pump-probe response is completely described by only two
material parameters. These results provide insight into engineering various
aspects of the nonlinear response of fishnet structure metamaterials.
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1. Introduction

Metamaterials are artificially fabricated composites consisting of sub-wavelength sized
structures that demonstrate novel linear optical properties like negative index of refraction,
reverse Doppler effect and energy propagation opposite to the wave vector of the
electromagnetic wave [1-3]. They also promise intriguing applications such as optical
cloaking [4,5] and perfect lensing [6]. Recently, the active modulation of such optical
properties by applying bias fields [7], heat [8], mechanical motion [9] or electromagnetic
pulses [10] has created much interest in the development of photonic applications and devices.
For example, devices where thermally activated mechanical motion tunes the resonant optical
properties have been demonstrated for applications in thermal sensing [8]. Similarly,
electrically controlled persistent frequency tuning of metamaterials has created a new class of
memory metamaterials for applications in memory devices [11]. In particular, the active
modulation of the optical properties with an electromagnetic pulse has special significance for
photonic applications as well as for the development of nonlinear optical materials.

Recent experiments have shown that one can modulate the optical properties of a
metamaterial on a sub-picosecond timescale enabling ultrafast photonic devices [12,13].
Along these lines, metamaterial devices with the potential of terabits per second all-optical
communication — two orders of magnitude faster than previously achieved have been
demonstrated. In these demonstrations, the authors used a fishnet structure metamaterial
[14,15] with two negative index resonances in the near-infrared (IR) corresponding to two
different periodic wavevectors of the internal gap-mode surface plasmon polaritons (1G-SPP)
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[12]. A deeper understanding of the nonlinear optical properties of such dual-band fishnet
structure devices is important for the further development and optimization of nonlinear
metamaterials in the near-IR as well as for ultrafast optical metamaterial devices. Such an
understanding can lead to devices with more efficiency, a broader frequency range of
operation and added functionality.

In this letter, we describe the results obtained by performing optical pump-probe
spectroscopy on such a fishnet structure metamaterial device that has two negative index
resonances in the near-IR, associated with different Fourier components of the metamaterial
structure. We photoexcite the metamaterial with a visible pump pulse and then measure the
pump-induced, time-resolved change in transmission (47/T) with a time-delayed near-IR
probe pulse around both the resonances as a function of probe wavelength, pump fluence and
probe polarization. We identify a clear transient spectral feature associated with the resonant
negative-index responses. We observe that the longer wavelength resonance has a
significantly stronger nonlinear response (47/T~70%) corresponding to its larger absolute
value of the negative index and the stronger Drude response of photocarriers at longer
wavelengths. However, in contrast to the change in magnitude, the temporal dynamics of the
nonlinear response are identical at both resonances. As a function of pump fluence, the
switching ratio (SR) scales nonlinearly, but identically, for both the resonances. This identical
scaling demonstrates the common physical origin of the metamaterial optical nonlinearity at
both resonances, while the nonlinear scaling of the SR versus pump fluence provides insight
into the dependence of fishnet structure properties on its constituent elements. We numerically
calculate the nonlinear response of our device using the Drude conductivity model for the
properties of the photoexcited dielectric layer and then employ a finite integration technique
(FIT) for the effective parameters of the metamaterial from its constituent elements. Our
simulations reproduce the nonlinear response over a wide spectral range and a decade in pump
fluence. The model demonstrates that beyond the linear properties of the device, the
magnitude of the nonlinear response over this wide range of experimental parameters is
determined by only two material parameters — the effective mass and the scattering rate of the
photoexcited carriers in the a-Si layer. These results elucidate the fundamental nonlinear
optical properties of fishnet structure metamaterials in the near-IR; and their utility in ultrafast
optical devices.

2. Design and fabrication

The dual-band metamaterial device reported here is composed of a BK7 glass substrate and a
single metal-dielectric-metal (Ag/a-Si/Ag) functional layer with an inter-penetrating two-
dimensional square array of elliptical apertures. The geometrical parameters of the device are
indicated in Fig. 1. The orthogonal pitches of the two-dimensional grating are both fixed at
345 nm (p). The thickness of the silver (Ag) and amorphous silicon (a-Si) films are fixed at 28
nm and 68 nm, respectively. The elliptical aperture size (2a, 2a,) is formed with lengths of
0.69-p (238 nm) and 0.47-p (162 nm) in the major and minor axis, respectively as shown in
Fig. 1. The fabrication process for the device has been described in detail elsewhere [12,16].
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Fig. 1. Schematic view of fishnet structure-metamterial device. Geometrical parameters of
elliptical negative-index metamaterial: p = 345 nm; a, = 119 nm; a, = 81 nm; and & (sidewall-
angle) = 18°. The device consists of 28 nm thick Ag; 68 nm thick a-Si; and 28 nm thick Ag.
The direction of polarization for the incoming light is parallel to the narrower stripe width
between apertures. Inset: Top view scanning electron microscope (SEM) image.

3. Linear optical properties

The normal incidence transmission through the metamaterial device was recorded with a
Nicolet Fourier transform infrared (FTIR) spectrometer with a quartz beam splitter and a
DTGS-KBr detector and normalized to the transmission of a bare BK7 glass substrate. Given
the elliptical geometry of the holes in our device [12,15], the device response is different for
the two polarizations. For the geometry shown in Fig. 1, (E field parallel to the minor axis),
we denote the polarization by E;. The E-field perpendicular to the minor axis of the holes is
then denoted by E,. The metamaterial device is designed to have strong negative index
resonances for E;. The measured transmission curves for E; (black squares) and for E, (red
squares) are shown in Fig. 2(a). For E; we see large overall transmission with characteristic
dips associated with the negative index resonances [14,15]. For E,, the electric field sees a
metamaterial geometry with a larger width of the continuous wires (more negative
permittivity) and the magnetic field sees a shorter width of the split wire pair (less negative
permeability) [17]. This results in refractive negative index resonances that are of lower
quality and shifted in frequency. Thus, the overall transmission for E; is significantly lower
with barely discernible dips that are shifted in frequency from the E; resonances.

To understand our experimental results, we performed simulations of our device using
CST Microwave Studio [18] based on a finite integration technique. We assumed perfect
electric conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions
between unit cells to stimulate transverse electromagnetic (TEM) plane wave propagation in
the z direction. The optical parameters for the constitutive materials were taken as Ngypstrate =
1.5 and nyge, = 1.38, where MgF, is used as the protection layer [12]. The refractive index of
a-Si was taken as n,.s; = 3.35. A Drude model for the Ag dielectric function was used with w,
(plasma frequency) = 9.02 eV and w, (scattering frequency) = 0.042 eV [19]. This scattering
frequency is increased by a factor of two compared to that of bulk silver to account for
additional scattering mechanisms in this polycrystalline thin film, in addition to sample
inhomogeneity across the ~mm? measurement area associated with the FTIR beam [15].
These parameters produce the best fit between experiment and simulation of the transmission
through our device for E; over the wavelength range of interest (1 to 2 pm), as shown in Fig.
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2(a). The measured transmission for E; is also closely reproduced by the simulation with
these same parameters.

0.8
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Fig. 2. (a) Measured normal incidence transmission spectra (FTIR) for both polarizations (E;
and E,). The simulated transmission curves are obtained using a finite integration technique,
where the metamaterial parameters are adjusted to give the best fit to the measured
transmission. (b) Real parts of the effective refractive index and permeability using the best-fit
parameters obtained from (a).

Based on the above metamaterial structure, we extract the effective parameters, including
the index of refraction and permeability as shown in Fig. 2(b). We note that, as a result of the
structural asymmetry, i.e. the nonzero sidewall-angle (9 = 18°) due to fabrication
imperfections as shown in Fig. 1, modified retrieval method is needed to extract the effective
parameters rather than the standard method associated with a symmetric structure along the
propagation direction. For further details of this methodology, see Refs. [20-22].

Figure 2(b) shows the real parts of the extracted effective refractive index (ne) and
permeability (uef) from 1 to 2 um for E; (solid curves). We see two negative index resonances
at ~1.06 um and ~1.58 um corresponding to the (1,0) and (1,1) k-vectors of the periodicity of
the 2D hole structure. The resonances are related to the coupling to the IG-SPPs, which gives
rise to a magnetic response and permeability [23]. The magnetic field profiles through the
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middle of the device at the corresponding resonant wavelengths show the first and second 1G-
SPP modes (not shown here) [12]. Therefore, the longer wavelength coupling mode is
associated with 1G-SPP (1,0) due to the configuration between nearest apertures, e.g.
periodicity (p). On the other hand, the shorter wavelength coupling mode is related to IG-SPP
(1,1) owing to the coupling along the diagonals (p/\'2). Figure 2(b) also shows the real parts of
the extracted effective refractive index (nes) for E;. As expected, we see a diminished and
frequency-shifted fundamental resonance for E,, corresponding to the barely discernible dip
in transmission [14]. As a result of the weak negative index resonance, we also observe a
weak nonlinear response when the probe polarization is E;. We now turn our attention to a
detailed study of the pump-probe response of the device with the probe polarization set to E;.

4. Pump probe setup

The nonlinear response of our device is measured with a multi-color pump-probe experiment.
We use a visible pump pulse (590 nm) to photoexcite carriers above the bandgap of the a-Si
dielectric material (~700 nm) and a near-IR probe pulse to measure the pump-induced change
in transmission at the two resonances. To generate the visible pump and near-IR probe, we
start with a commercial 100 kHz regenerative amplifier with sub-60 fs, 10 pJ/cm? and 800 nm
pulses to simultaneously seed two optical parametric amplifiers (OPAS), one operating in the
visible and one in the near-IR as shown in Fig. 3. The signal pulse from the near-IR OPA is
tuned to 1180 nm and then frequency doubled to produce the 590 nm visible pump pulse. The
idler pulse from the visible OPA can range from 930 to 2300 nm and is tuned to probe the
device response over the entire near-IR range. This unconventional experimental arrangement,
where the visible OPA produces the near-IR probe and the near-IR OPA produces the visible
pump, allows us to access the response of the device over both negative index resonances,
while avoiding the degeneracy point at 1.6 pm of the near-IR OPA.

H 1
‘ |
]
i li | Variable delay
¢ ol
AR
[T I — -
Beam mpe N2 plale
splitter Visible OPA wshs  Linear polarizer
Ti:AlLO; laser Pump 400 nm |
and amplifier . Signal 480-700 nm 1
idler 930-2300 nm | Long-pass Sample
£ filter
: o |
8 Infrared OPA ‘ «  Detector
Qo
Pump 800 nm A —59\m\9\‘
Signal 1.1-1.6 pm . \4
Idler 1.6-2.4pm Short-pass
filter To
Lock-in
SHG

Fig. 3. Ultrafast pump-probe setup. The frequency doubled signal pulse from a near-IR OPA
provides the 590 nm visible pump pulse. The idler pulse from a visible OPA (930-2300 nm) is
tuned to study the response around each resonance.

The SR, i.e. the pump-induced relative change in transmission (47/T) is measured by
mechanically chopping the pump beam at 4 kHz and measuring the resulting modulation of
the transmission of the probe beam using a lock-in amplifier. In order to ensure that we study
only pump-induced effects, the probe power (typically 30 W) is kept significantly lower than
the pump power (7.0-0.5 mW). Further, the probe spot size (~30 pum) is kept much smaller
than the pump spot size (~100 pum) so as to sample only the central uniformly photoexcited
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density generated by the pump. In this configuration, we study the nonlinear response of our
device as a function of probe wavelength, pump fluence and probe polarization.

(a)

Q

I 1081nm 1067nm [ 1060nm
N 1050nm N 1048nm [ 1030nm
N 1010nm I 990nm [ 970nm

o
Lol bl b b bl
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Fig. 4. Time-resolved pump-probe response versus probe wavelength. (a) Response near the
(1,1) resonance (b) Response near the (1,0) resonance. At both resonances and for all probe
wavelengths, the time-resolved traces show a triple exponential decay with a fast ~600 fs
component, a few ps component and a slow component that lasts for nanoseconds. At both
resonances, at zero pump-probe delay we see A7/T > 0 (47/T < 0) for probe wavelengths just
longer (shorter) that the negative index resonance.

5. Probe wavelength dependence

Figure 4 displays the time-resolved SR (A4T/T) versus pump-probe delay for different probe
wavelengths around (a) the (1,1) and (b) the (1,0) resonance respectively. At all wavelengths
around both resonances (and as reported previously for the (1,1) resonance [12]), we see a
triple exponential decay consisting of a fast 600 femtosecond component, an intermediate few
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picosecond component and a background signal lasting longer than a few nanoseconds. Over
80% of the SR is due to the fast 600 femtosecond component, thereby enabling a sub-
picosecond all-optical switch operation at either resonance. At both resonances, we observe
ATIT > 0 (ATIT < 0) for wavelengths longer (shorter) than the resonance. By plotting the peak
SR at zero pump-probe delay versus the probe wavelength as shown in Fig. 5, we observe a
clear ‘S-shaped’ feature at each of the two negative index resonances. We note that
unstructured layers of Ag or a-Si do not display such an ‘S-shaped’ dependence of the peak
pump probe signal versus probe wavelength. Moreover, AT/T for such unstructured layers of
Ag or o-Si is ~1%, as opposed to the much larger SRs with the metamaterial sample. The
enhancement of the nonlinear response by a factor of about 70 in metamaterials is a direct
result the coupling to the metamaterial structural resonance.

This response of the metamaterial can be understood as due to the photoexcitation of
carriers into the o-Si layer of the metamaterial by the pump pulse. The presence of
photoexcited carriers in the a-Si layer impacts the resonant LC permeability of the fishnet
structure and modifies its optical response towards that of a single metal sheet on a substrate.
As the photocarriers decay, the device recovers to its original negative index behavior. Pump-
probe measurements under identical experimental conditions on an unstructured layer of a-Si
show decay dynamics similar to the metamaterial device — a fast 600 fs component, an
intermediate few ps component and a much longer component of 100s of ps, thus confirming
that the dynamics in «-Si determines the dynamics of the metamaterial [12]. Previous
extensive studies of the carrier dynamics of o-Si have attributed the multiple decay
components to processes like Auger recombination, carrier trapping and cooling [24-27]. We
note that the identical temporal dynamics at both resonances, despite their different frequency,
different geometry of the underlying negative index resonances and different magnitude of the
nonlinear response, suggests that the switching time of such a metamaterial based all-optical
device can be engineered independent of other device properties, e.g. SR and frequency of
operation.

To quantitatively understand the change in refractive index of the o-Si due to
photoexcitation, we apply the Drude conductivity model [28]:

o) |
N photoexcited —si = |:n'i_5i - 0)(00—:"7):| v

where @, :(eZN/gom*)ﬂ2 is the plasma frequency, o — angular frequency of probe light, m*

— effective mass, ¢q — permittivity of free space, N — photoexcited carrier density and y — the
scattering rate. We use m* = 0.3m, (where m, is the mass of a free electron) and y *~1.5 fs to
obtain Nppotexcited o-si OVEr the 1-2 pm wavelength range, which is then used to calculate the
effective parameters of the metamaterial device with CST Microwave Studio, as was done for
the unphotoexcited a-Si case [29-34]. The photoexcitation density (N = 1.23 x 10® cm™) is
obtained from the pump fluence of 0.9 mJ/cm? while taking into consideration the 30%
absorption of the pump pulse (60% reflection and 10% transmission).
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Fig. 5. Dual-band negative index resonance in a single metamaterial device. (a) We see the
characteristic pump-probe response of a negative index resonance in a metamaterial device,
thereby allowing us to clearly identify two negative index resonances in our device. The
simulated transmission through the device on photoexcitation around the (b) (1,1) resonance
and (c) (1,0) resonance demonstrate that A7/T > 0 (4T/T < 0) for wavelengths just longer
(shorter) than the negative index resonance.

Figures 5(b) and (c) show the transmission through the metamaterial device over the 1- to
2-um range for the cases of a photoexcited (red) and an un-photoexcited (black) a-Si layer.
For wavelengths just above (below) the negative index resonance, we observe increased
(decreased) transmission following photoexcitation. Thus, the pump-probe signal at zero time
delay versus probe wavelength exhibits an ‘S-shaped’ feature at the negative index resonance.
Figure 5(a) compares this measured and simulated pump-probe response at zero time delay
over the 1-2 um wavelength range, indicating good agreement between experiment and
theory.

In Fig. 5a, we observe significantly higher SRs at the longer wavelength (1,0)-resonance (
+ 70% and —-40% for the positive and negative peaks respectively) versus the shorter
wavelength (1,1)-resonance ( + 10% and —18%). This stronger nonlinear response is a result
of the larger absolute value of the negative index at the (1,0)-resonance and the stronger
Drude response of photocarriers at longer wavelengths. From a technological standpoint,
larger SRs are important for reduced errors in all-optical communication as well as reduced
energy requirements. We note here that our analytical model demonstrates that given a fixed
device geometry (and hence its linear properties), the nonlinear response is completely
described by only two material parameters — mg and y. This provides simple and
straightforward insights into engineering the magnitude of the nonlinear response of fishnet
structure metamaterials.
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6. Pump fluence dependence

We measure the SR versus pump fluence for two fixed probe wavelengths (1640 nm and 1010
nm) corresponding to points near the peak positive response for the (1,0) resonance and the
peak negative response for the (1,1) resonance (Fig. 5a). Figure 6 shows the peak SR versus
pump fluence for the two resonances. At both wavelengths, the SR scales nonlinearly, but
identically (see the inset of Fig. 6) with the fluence, thus demonstrating experimentally the
common physical origin of the pump-probe response, i.e. the change in effective parameters
of the metamaterial at either resonance is due to the presence of photocarriers in the a-Si
dielectric layer.

Again, we quantitatively understand the nonlinear scaling of the SR with the pump fluence
by using the Drude model [Eq. (1)] with the same parameters (m* = 0.3m, y ~~1.5 fs) to
obtain the refractive index of the photoexcited a-Si at each of the two wavelengths (1640 nm
and 1010 nm). This value of Nphewexciea o-si then gives us the effective parameters of the
metamaterial device. Figure 6 shows the agreement of the numerical simulation (blue curves)
to the experimental data around the two resonant wavelengths. We point out that the pump
fluences in our experiment are small enough that the change in the refractive index of the a-Si
on photoexcitation as given by Eq. (1) is linear in the photoexcitation density. The nonlinear
scaling of the SR is therefore a result of a nonlinear dependence of Neg ON Nppotoexcited a-si- 1 NS
scaling enables us to estimate pump energy requirements for higher SRs for applications in
ultrafast all-optical switching. A further understanding of this phenomenon is also important
for metamaterial applications such as sensing and for the field of active metamaterials in
general, where small changes in the constituent elements are required to produce large,
nonlinear changes in the effective parameters of the metamaterial.
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Fig. 6. SR versus pump fluence. We see a nonlinear scaling of the SR versus pump fluence at
both the resonances. This is indicative of the nonlinear dependence of the effective parameters
of the metamaterial on its constituent elements. Inset: The normalized plots show that the
scaling is identical for both the resonances, thereby demonstrating experimentally the common
physical origin of the nonlinear response at both the resonances, i.e. the change in metamaterial
properties is due to the photoexcitation of carriers in the a-Si.
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7. Conclusion

Using pump-probe spectroscopy, we studied the ultrafast nonlinear optical response of a
metamaterial device exhibiting two negative index resonances in the near-IR. The study and
comparison of the nonlinear response of both resonances in a single device provides insight
into engineering various aspects of the nonlinear optical properties of the metamaterial
including: magnitude of the pump probe response, resonant frequency and temporal dynamics.
These in turn have technological implications in engineering the switching ratio, frequency of
operation and switching time of an all-optical metamaterial switching device. By
photoexcitation of carriers in the a-Si dielectric layer of the metamaterial, we altered the
transmission at both resonances on a sub-picosecond timescale. We identified an ‘S-shaped’
spectral feature in the pump-probe response of the resonances associated with a negative
index. We studied the nonlinear optical response of the device at both resonances as a
function of probe wavelength, pump fluence and probe polarization. We observed much
higher switching ratios at the (1,0) resonance (~ + 70%) relative to the (1,1) resonance (~ +
10%) corresponding to the larger absolute value of the negative index and the stronger Drude
response of photocarriers at longer wavelengths. In contrast, both resonances show identical
temporal dynamics independent of the different geometries and frequencies of the negative
index resonances. This suggests that in principle one can engineer the switching time of an
all-optical device independently of its linear properties, frequency of operation and switching
ratio. We also saw a nonlinear, but identical, scaling of the switching ratio versus pump
fluence for both resonances. This nonlinear scaling demonstrates the nonlinear dependence of
the effective parameters of the metamaterial on its constituent elements. We understood and
numerically reproduced the experimental data using a Drude conductivity model for the
photocarriers in a-Si and a finite integration technique for the effective parameters of the
metamaterial device. We obtained very good agreement with the experiment over a wide
spectral range and over decade variation in pump fluence. Our model indicates that the
magnitude of the pump-probe signal can be completely understood via only two material
parameters — the effective mass and the scattering rate of the photoexcited carriers in a-Si.
This study provides deeper insight into the ultrafast nonlinear properties of fishnet
metamaterials and their utility for near-IR photonic devices like ultrafast optical switches.
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