Ultrafast modulation of optical metamaterials
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Abstract: We show by pump-probe spectroscopy that the optical response
of a fishnet metamaterial can be modulated on the femtosecond time scale.
The modulation dynamics is dominated by pump-induced changes in the
constituting dielectric medium, but the strength of modulation is
dramatically enhanced through the plasmon resonance. The pump-induced
spectral responses of the metamaterial provide understanding on how the
resonance is modified by pump excitation. Our study suggests that
metamaterials can be used as high-speed amplitude/phase modulators with
terahertz-bandwidth.
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Optical metamaterials have attracted immense interest in recent years [1,2] because they could
lead to novel phenomena and applications such as sub-diffraction imaging [3] and cloaking
[4]. Active control of their properties could further facilitate and open up new applications in
terms of modulation and switching [5,6]. It is therefore important to know the dynamic
response of metamaterials to an external perturbation and understand the underlying physical
mechanism.

Here we report the spectral and dynamic behavior of optical modulation in a metamaterial
with the “fishnet” structure [7]. Using femtosecond pump-probe spectroscopy with an
interferometer, we measured the pump-induced spectral changes of transmission, reflection
and their phases over the magnetic plasmon resonance of the fishnet. We observed for the first
time that the induced change had a fast relaxation time of ~750fs, and the magnitude of
change was dramatically enhanced compared to that in natural materials. The spectral changes
indicated that the effect mainly came from pump-induced broadening of the resonance. The
results suggest that further improvement of the modulation characteristics is possible with
better choice of the dielectric material in the fishnet structure.
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Fig. 1. Fishnet structure (a) SEM image of a sample. Its grid-like structure is composed of thin
wires (top: 26nm, bottom: 117nm) and thick wires (top: 124nm, bottom: 218nm) orthogonal to

each other. Inset shows the polarizations of the electric field (E" ) and magnetic field (1:1 ) of
incident light. (b) Schematic of the fishnet showing the thicknesses of the Ag(25nm)/ a-Si
(80nm)/Ag(25nm) sandwiched layers. The tapered sidewall results from the fabrication
process.

The fishnet structure we studied is described in Fig. 1 with a scanning electron microscope
(SEM) image (Fig. 1(a)) and a schematic of its three dimensional structure (Fig. 1(b)). The
fishnet was prepared by nanoimprint lithography [8] and composed of Ag(25nm)/a-
Si(80nm)/Ag(25nm) sandwiched layers on a silica substrate. It was designed using the finite-
difference-time-domain (FDTD) method [9] to have a magnetic response in the near-infrared.
Adjusting the width and thicknesses of the grids along with selecting material of proper
dielectric constants allows fine tuning of the resonant frequency to the desired value [10]. We
ig ip,

measured the complex transmission (7 =7 | " ) and reflection (7 =l 71 e ) coefficients of the

fishnet, with and without pump, using the setup depicted in Fig. 2 which implements a
Michelson-type interferometer arrangement for absolute phase measurement. A 20-MHz
super-continuum fiber laser providing S5ps pulses with wavelength covering from 450 to
2000nm was employed to probe the sample without pump. For the pump-probe studies, 100-fs
pulses at 800 nm from a 1-kHz Ti:Sapphire laser were used as the pump and tunable near-
infrared pulses (1.05-3.3um) generated from the laser-pumped optical parametric amplifier
(OPA) system used as the probe.
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Fig. 2. Experimental setup to measure T = |71, R = |7 I", ¢ and ¢ of the complex

transmission ( 7 ) and reflection ( 7 ) coefficients. A Michelson-type interferometer is
implemented for absolute phase measurement. The near-infrared tunable probe pulses come
from a super-continuum fiber laser and an OPA system, respectively, for measurements
without and with pump. The pump pulses at 800 nm are from a 1-kHz Ti:Sapphire laser. The
pump-probe time delay is adjusted by a motorized mirror stage (not shown). The flip mirror is
used as a reference for reflection measurements.

From the measured 7 and 7, we could deduce the complex effective refractive index ()
and impedance ( Z ) using the following relations [11,12],

1= 40 f

A=——cos™'[ — (1a)
k,d (n, +Dt +7t(n, -1)
and
A 2 1
=Xt | X" +— (1b)
nj
i 2F A
where X = ———————[—+(n, —1)cos(nik,d)] .

2n_sin(nk,d) t
Here, k, is the wavevector in free space, d is the thickness of the metamaterial and n_is
the refractive index of the substrate. The proper sign in Z is chosen by satisfying the
conditions Im(72) >0 and Re(f) >0 for passive materials [13]. The effective permittivity
(€) and permeability ( ) can be obtained from £ =7/% and f =nZ. The asymmetry of the

tapered layers on the light illumination direction has to be considered for a more accurate
description. Here, we ignore this factor and use the standard retrieval method because the
effect is small for thin films.
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Fig. 3. Experimentally measured spectra of T, R, ¢ and ¢ with and without pump. (a) T. (b)
# . (c) AT/T and Ag, . (d) R. (e) ¢ . () AR/R and Ag . The pump-induced changes AT/T,

AR/R, Ap and Ag were directly measured and added to the blue solid curves of (a,b,d,e) to
obtain the corresponding red dashed curves for the case with pump (300pJ/cm?).

A complete characterization of the fishnet metamaterial is shown in Fig. 3. Blue solid lines
in Fig. 3(a,b,d,e) display the measured T=17 >, R=17F, ¢, and ¢, , respectively. The pump-
induced changes of AT/T, AR/R, Ag, and Ag, at pump fluence of 300uJ/cm® and probe
fluence of ~0.5uJ/cm® were measured using a lock-in technique, and the results are plotted in
Fig. 3(c) and 3(f). Transmission and reflection parameters with pump on were obtained by
adding the pump-induced changes to metamaterial linear responses, which are shown as red
dashed lines in Fig. 3(a,b,d,e). The effective 71, &, it and their modulations can be deduced
readily and the results are plotted in Fig. 4. The magnetic resonance with the characteristic
resonant spectral features (e.g., dip in T and peak in R) around 1.15pm (which is the resonant
wavelength defined by the peak of Im(/)) clearly exists in all curves. The pump-induced
spectral changes of all quantities around the resonance are also clearly observed. The distinct
resonant features of 4 confirm a strong magnetic resonance. We note that Re( £ ) also
exhibits spectral features at the magnetic resonance, indicating that the resonance is not purely
magnetic, a result arising from the tapered layer structure of the fishnet [10] (Fig. 1(b)) that
causes mixing of the usual symmetric and asymmetric resonant modes [14]. As expected, the
pump-induced change is most appreciable near resonance. With the probe wavelength at
1.12pm, we observed changes of AT/T = 31% and AR/R = —42% for a pump fluence of
300uJ/cm® at zero pump-probe time delay. The changes are linear with pump fluence as
shown in Fig. 5(a). The different signs of AT and AR are the result of a decrease in Im(n)

(which mainly follows from decrease of Im() ) at the magnetic resonance (Fig. 4(b) and

4(f)). When we used the same pump on an a-Si film with the same thickness (80nm) as that in
the fishnet structure, the observed AT/T and AR/R were both less than 1%. Thus, the pump-
induced changes of AT/T and AR/R in the fishnet appear to be larger than 50 times. This
dramatic enhancement comes from enhancement through the plasmon resonance: a small
change in the refractive index of the dielectric layer in the fishnet can induce a significant
change in the plasmon resonant characteristics, and hence the optical properties of the fishnet
near resonance. Thus, metamaterials can be a very effective optical modulator.
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Fig. 4. Experimentally deduced n, & and i from 7 and 7 with and without pump. (a)
Re(7). (b) Im( 7). (c) Re( €). (d) Im( & ). (e) Re( 2 ). (f) Im( ). The blue solid and red dash
curves are deduced from those of (a,b,d,e) of Fig. 2 using Eq. (1).

We also measured relaxation of AT/T and AR/R after pumping and deduce relaxation of
the pump-induced absorption change (AA) for both the fishnet and the a-Si film. The pump
fluence used was 300pJ/cm®. As shown in Fig. 5(b), the pump-induced absorptions in the two
cases are similar. The induced changes as function of probe-pump time delay have a fast
decay component of ~750fs followed by a long tail extending over hundred picoseconds. We
note that differently prepared a-Si can have different relaxation dynamics [15]. The similar
decay dynamics of a-Si and the fishnet incorporating it indicate that the fishnet modulation
dynamics is dominated by free carrier excitation in a-Si and the contribution from excited
carriers in the metal layers is negligible. This is reasonable because the maximum excited
carrier density in the silver layer estimated from the pump fluence is ~10"*cm™, which is
orders of magnitude smaller than the intrinsic free carrier density ~102cm ™, and therefore its
effect on the optical properties of the fishnet is not significant. Thus, for better pump-induced
modulation strength and speed, we need to choose dielectric materials with stronger
absorption coefficient and shorter carrier lifetime for the fishnet. For example, low-
temperature grown GaAs is known to have carrier lifetimes of ~200fs [16] and so is ion-
implanted InP [17]. Both have strong direct interband absorption that can lead to large
modulation depth with lower pump fluence.
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Fig. 5. Pump-induced responses of the fishnet and a-Si film. (a) Normalized changes of
transmission and reflection versus pump fluence. (b) Pump-induced absorptions versus probe-
pump time delay. Note the different scales for fishnet and a-Si film.
It is observed that the pump-induced changes come in mainly through broadening of the
magnetic resonance (seen in the spectra of f in Fig. 4(e) and 4(f)), and should result from the

induced refractive index changes, An" and Ak", of a-Si in fishnet. These can be estimated
from the refractive index change, An® and Ak®, of the bare a-Si film, which are deduced

from the measured changes of transmittivity (T") and reflectivity (R ) of the film using the
relations [18],

b b b b
AT = (%)Anb +(Z%)Akb and AR" = (Z%)Anb +(Z%)Ak". 2)

We obtained An” = —0.01 and Ak® = 0.05. An' and Ak', being similar to these values,
are mainly responsible for the shift and broadening of the magnetic resonance, respectively. In

our case, the shift of resonance is not appreciable, and only the effect of Ak is significant. In
general, however, one could use both An' and Ak to shift and broaden the resonance to

achieve strong modulation. Large An" alone could be obtained in dielectric materials such as
liquid crystals and polyelectrolytes.

Interestingly, we notice that Fig. 3(c) show correlations between pump-induced changes of
different quantities. The maximum AT occurs around minimum A ¢, and vise versa, at 1.12um

and 1.2pum, respectively. This can be readily understood knowing that the pump-induced
changes of Re(7) and Im(7 ) are correlated, and as can be seen from Eq. (1), AT and A ¢,

depends much more strongly on Im(7 ) and Re( 7 ), respectively. Thus, both amplitude and
phase modulations are achievable and can be predicted from understanding of how the optical
constants behave under external perturbation.

In summary, we have demonstrated ultrafast pump-induced optical modulation in a fishnet
metamaterial. The modulation was governed by the properties of the dielectric layer in the
fishnet. Its relaxation time corresponded to the excited carrier lifetime of the dielectric
medium, and its strength was determined mainly by the induced imaginary refractive index
change in the dielectric. The results indicate that stronger and faster modulation could be
achieved by proper choice of the dielectric in the structure of the metamaterial.
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