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The large all-optical modulation reported enables to modulate light using light and achieve
all-optical information processing. All-optical information processing is superior to conventional
electronic devices because light can have superior modulation speeds and can propagate without loss.

Our research goal is to modulate light (signal) using light (control) in an
integrated on-chip device with reduced footprint and energy consumption. In order to achieve this
high-speed modulation of an optical signal by optical means, we have investigated the time dynamics
of strongly correlated metal oxide phase-transition materials and found that, under a low-intensity
regime for the control light, the signal light can be modulated efficiently at a frequency in the
terahertz range. Under this regime, the modulation is linear with the intensity of the control light

and not related to the material phase transition. Also, an unwanted slow but small component is
present in the modulation. Design of an all-optical modulator with a small footprint employing the
studied materials is presented. The proposed all-optical modulator consists of a waveguide modified
by a sub-wavelength plasmonic grating with phase-transition material filled nanogaps and achieves a
high extinction ratio.
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All-optical information processing is superior to conventional electronic devices because
light can achieve faster modulation speeds and can propagate without a loss (ho ohmic loss).
The realization of all-optical information processing relies on the ability to modulate light
using light, that is, to develop an integrated device that switches light with light in the same
way as a transistor switches an electronic signal with the help of another electronic signal.
Such all-optical modulators would consume less energy and have a small footprint amenable
for on-chip integration so that advanced optical communication systems (guiding and
modulating optical signals in their optical form without electrical conversion) could be
realized.

All-optical modulators based on strongly correlated metal oxides (e.g., VO2) have been
proposed. As these materials undergo an insulator-metal transition, their optical properties
change drastically so that a large modulation of the light intensity is obtained. The
insulator-metal transition can be induced optically under high light intensity. Although there is
still no consensus for the description of the optically-induced insulator-metal transition, it is
thought that the mechanism of the insulator-metal transition should follow the Mott-Hubbard
description and exhibit a relatively slow recovery. On the other hand, the behavior of strongly
correlated metal oxide materials under low light intensity (before the optically induced phase
transition occurs) is not well understood and characterized.

2. WHEOHEM

The research goal is to modulate light (signal) using light (control) at a rate faster than
terahertz in an integrated on-chip device with reduced footprint and energy consumption. For
this purpose, we investigate the time dynamics of the strongly correlated metal oxides VO, and
NbO: under low intensity of the control light. Also, we propose a design for a miniaturized
low-power consumption all-optical modulator.

3. WD IE

The methodology consists of three steps, namely, 1) the development of a pump-probe
optical setup to analyze the fast dynamics of the studied materials, 2) the synthesis of the
materials and the analysis of the fast dynamics of these materials using the pump-probe setup
developed in step 1), and 3) the design of an integrated modulator.

4. WrIERLE

1) A pump-probe optical setup (Figure 1) was developed employing a delay line and a
femtosecond laser. The optical excitation (pump) used a wavelength of 766 nm, and
the change in the sample was probed at a wavelength of 1550 nm (C-band used in the
telecommunication). Alignment of the sample with respect to the pump and probe
beams was realized using a visible camera and a near-infrared camera (Figure 2). As
seen in Figure 2, the sample can be analyzed in both the transmission and reflection
modes. The setup offers a time resolution of about 200 fs. Low noise is achieved by
employing lock-in amplification with a chopper and reduction of the noise can be seen
in Figure 3. Moreover, the setup permits re-pump analysis (analysis of two consecutive
pump pulses separated by a delay of 100 ps) to clarify the response of the material.
Also, a spatial filter was developed to separate the excitation beam from the beam
transmitted through a device such as a waveguide as seen in Figure 4.
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modulation of a few percents was
found in both the transmission and
reflection modes. The time response
of the fast component of the
observed modulations is of the order
of a ps. These observed large and Delay (ps)
fast modulations should enable the
practical development of all-optical
modulators. Under the low-intensity
regime studied here, the investigated materials are reported to exhibit a full recovery in
the literature. However, we found that the response of the materials results in a fast
modulation (of the order of a ps) and a slow contribution with a decay time of the
order of a nanosecond. To clarify the mechanism of the low-intensity regime, the
modulation as a function of the pump intensity was measured. The observed relation
between the modulation and the pump intensity was found to be linear, thus
confirming that the regime investigated does not involved the optically indiced phase
transition (no threshold for the insulator-metal transition is observed). Furthermore, the
re-pump experiment confirmed the linearity of the modulation response, that is, two
delayed pump pulses of the same intensity gave the same modulation, a result that
cannot be obtained for a modulation induced by a nonlinear mechanism such as a
metal-insulator transition. In summary, the modulation at low intensity of the pump is
a linear process not related to the metal-insulator transition and involves the combined
effects on the refractive index of photo-induced free carriers as well as bandfilling. The
slow contribution to the modulation would, therefore, be explained by phonon
relaxation. Similar results were obtained with VO.. Finally, the decay time of the slow
component was decreased to approximately 100 ps by reducing the amount of active
material. Both decreasing the film thickness and patterning the active layer to form an
array of squared nanostructures were used to decrease the decay time of the slow
component.

Additionally, the optically-induced phase transition was studied with VO, to confirm
the differences in the time dynamics between the low-intensity regime and the
high-intensity regime. Evidence for the presence of the monoclinic metal state in the
high-intensity regime was found.

The above results are under consideration for publication.
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Figure 5

We also investigated the effect of a plasmonic structure on the insulator-metal



transition. Here, the all-optical modulator is realized by integrating the phase-transition
material into a resonant plasmonic nanostructure. Upon triggering a phase transition by
plasmonic excitation, the proposed modulator changes from being transparent to the
signal light to absorbing. This change in the optical properties is made possible by
pumping the modulator with a control light that excites the resonance of the plasmonic
nanostructure. The resonance of the plasmonic nanostructure enhances the electric
field which should help to trigger the insulator to metal transition. We designed the
plasmonic nanostructure to be used in the switching of strongly correlated metal oxide
materials, fabricated the plasmonic nanostructure with VO,, and found that the
designed plasmonic nanostructure can be used to decrease the threshold of the pump
intensity for the insulator-metal transition.

3) A schematic of the proposed optical modulator using the highly correlated metal
oxides as the active material is provided in Figure 6. The proposed optical modulator
consists of a waveguide modified by a sub-wavelength plasmonic grating with
phase-transition material filled nanogaps and was analyzed theoretically. The control
light excites gap plasmons within the nanogaps, resulting in an enhancement of
photoabsorption. The photoexcited electrons trigger a photo-induced insulator-to-metal
phase transition. Upon the phase change, the waveguide cannot transmit the signal
light, which is instead absorbed in the hybrid nanostructure. Figure 7 shows the light
propagation through the waveguide device in the ON state (left) and in the OFF state
(right). The optimized design achieved an extinction ratio of 26.8 dB/um. The signal
light and control light are both transmitted through the same waveguide, allowing a
fully integrated design with on-chip data processing. Although the device has been
optimized using simulation, it is still a challenge to demonstrate such a device as the
materials of choice used in all-optical switching do not perform as expected.

Figure 6 Figure 7
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