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Abstract:

In recent years, the stunning performance of transition metal dichalcogenides (TMDCs) has
been utilized in the area of field effect transistors, integrated circuits, photodetectors, light
generation and harvesting, valleytronics, and van der Waals (vdW) heterostructures. However,
the optoelectronic application of TMDC:s in realizing efficient, ultrafast metaphotonic devices
in the terahertz part of the electromagnetic spectrum has remained unexplored. The most
studied member of the TMDC family, i.e., MoS, shows an ultrafast carrier relaxation after
photoexcitation with near-infrared femtosecond pulse of energy above the band gap. Here, we
investigate the photoactive properties of MoS, to demonstrate an ultrasensitive active

switching and modulation of the sharp Fano resonances in MoS; coated metamaterials


mailto:ranjans@ntu.edu.sg

WILEY-VCH

consisting of asymmetric split ring resonator arrays. Our results show all-optical switching
and modulation of micron scale subwavelength Fano resonators could be achieved on a
timescale of hundred picoseconds at moderate excitation pump fluences. The precise and
active control of the MoS; based hybrid metaphotonic devices open up opportunities for the
real-world technologies and realization of ultrafast switchable sensors, modulators, filters and

nonlinear devices.
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Introduction:

The perspective with regards to the layered materials (van der Waals solids) took a
remarkable upturn with the isolation of monolayer graphene and a whole new regime of
related low-dimensional material science, chemistry and physics.'! Layered materials or van
der Waals (vdW) solids are usually described by the presence of in-plane (intra-layer)
covalent (strong) bonds and out-of-plane (inter-layer) vdW weak forces.! After the
pioneering works in graphene, focus of the scientific community shifted towards the family of
compounds known as transition metal dichalcogenides (TMDCs). This resulted partly due to
the inability of a “zero” band-gap graphene and an urge to look for structurally similar and
cheap materials with facile growth techniques to expand the catalogue of 2D materials.”
TMDCs are MX,- type compounds, where M is a transition element from groups 1V, V and
V1 of the periodic table and X represents the chalcogen species S, Se and Te.® This family of
compounds display an array of electronic properties ranging from semiconductor, semimetal,
metal to superconductors depending on the choice of transition metalt” and allows them to be
the harbinger of future electronics and optoelectronic devices. Within the TMDCs, MoS; is
the most investigated compound due to its availability in nature as a mineral (molybdenite).®
Before this “renaissance” in the treatment of layered materials, MoS, was already studied for
applications such as dry lubrication,®™ catalysis,***®! photovoltaics!?>?® and intercalation
(batteries)**3” in the last five decades. Over the last few years, it assumed greater importance
due to its unigue and distinctive properties when it was discovered in few or monolayer form.
For example, MoS, experiences a transition from an indirect band gap semiconductor in
multi-layer form to direct band gap semiconductor in monolayer form in turn making it
attractive for photo luminescent applications.®) After initial synthesis and fabrication
strategies were established for MoS,, it has been employed in field effect transistors,®”

integrated and logic circuits,”?? optoelectronic devices such as photodetectors,¥ light
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generation and harvesting,***! valleytronics®*® vdw heterostructrest®*“°! and recently to
mimic synaptics.*"! Although variety of studies has been performed on MoS,, very limited
fundamental studies have been done to explore the possibilities of MoS, based devices for
ultrafast photonics. Here, in this work we exploit the photo-excitation properties of the MoS,
to actively modulate the resonance properties of the metamaterial in a MoS,-metamaterial

hybrid device on an ultrafast time scale.

Metamaterials*!! are artificially structured composite arrays of sub-wavelength structures,
which provides tremendous opportunities for controlling and manipulating electromagnetic
light and have offered several unusual and novel phenomena such as negative refraction,
super lenses, perfect absorption, invisibility cloaking, and much more.[*! The sub-wavelength
size resonators are designed to yield a specific response to electric as well as the magnetic
component of the incident light that provide unprecedented control over the light matter
interactions. Typically, the high conductivity metals*! are used for metamaterials in the
terahertz part of the electromagnetic spectrum due to their low loss nature but they lack
dynamism since the electromagnetic properties of metals are not very sensitive to external
perturbations such as temperature and optical excitation. The dynamic control of the resonant
properties in such metadevices in the real time is essential for the real-world device
applications. The functional nature of the resonance response of metamaterials is achieved in
several ways such as mechanical tuning of MEMS/NEMS! 8 based structures or thermal,
electrical, and optical tuning of structures based on phase-change materials such as
semiconductors,*! perovskites,®>*® superconductors,®™ graphene®® etc. The standard
optoelectronic materials such as gallium arsenide, and silicon on sapphire have also shown
exciting results in achieving actively tunable metamaterials but they require a more complex
fabrication process.***" The superconductor based metamaterials show highly tunable

resonant response but their functionality is limited in real life applications as they fail to
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operate at room temperature. The mechanical, thermal, and electrical switching responses are
significantly slow while the optically tunable resonant devices based on dynamic materials
show ultrafast switching, where the switching speed is governed by the lifetimes of the photo-
excited carriers. The epitaxially grown silicon is highly used for realizing optically tunable
resonant devices but the lifetime of the carriers falls in the range of milliseconds. Along with
high modulation depth of the resonance properties, switching speed is equally important as it
limits the application of the devices as modulators or switch. Hence, there is always an
ongoing search for easily processable novel materials that could show high modulation at

ultrafast time scales for new generation of photonic devices.

Here, we report the ultrafast relaxation of the bulk MoS; film prepared using the drop-casting
method and integrate it with the subwavelength metaphotonic resonators to achieve
dynamically controlled resonant properties of metadevices. Initial studies on the carrier
dynamics of atomically thin MoS; revealed that the ultrafast dynamics and the relaxation time
scale varies with increasing layer thickness. In the case of monolayer it falls in the range of
few femtoseconds and for few layered MoS, it lies in the range of few picoseconds. 658!
Since the exciton binding energies in bulk MoS; are close to the thermal energy at room
temperature, the dynamics is almost entirely due to the free carriers rather than bound
excitons which is further confirmed by the Drude-Smith conductivity behavior.®® Drop
casting of MoS, over planar metasurface offers great advantages in terms of cost effectiveness
and simplification of the process to realize an active subwavelength metamaterial device as
compared to other standard state-of-the-art materials that include complex fabrication
processes including the clean room processing. The integration of MoS; on the metamaterials
devices using drop casting method is highly economical, facile and fast process. We

experimentally show the ultrafast, active photo-switching of Fano resonances in a MoS;

coated Fano resonant metamaterial array. Fano resonances arise due to the interference
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between a narrow discrete mode and broad continuum which results in the asymmetric line
shape resonance.'>®® The most striking feature of Fano resonances is the strong confinement
of the electric fields in the resonator structure. The ultrafast response of MoS, coated Fano
resonators pave the way for active meta-devices which have multifunctional applications in
the lasing spaser,'®? ultrasensitive sensors,!® and nonlinear applications,’® and open up a new
path in realizing the ultrafast photonic devices with enhanced functionalities in the terahertz,

infrared and the optical region.
Results and Discussion:

To demonstrate active photoswitching of the Fano resonances in MoS, coated metamaterial,
we fabricated an array of terahertz asymmetric split ring (TASR) structures on a THz
transparent quartz substrate. Figure 1 (a) shows the graphical representation of the MoS,
coated TASR metamaterial sample illuminated by a terahertz probe beam and femtosecond
optical pump beam. Schematic of the unit cell describing the dimensions and the cross-
sectional view of the device is shown in the inset of Figure 1(a). The TASR metamaterial
sample was fabricated using the photolithography process. As a first step, a positive
photoresist of thickness 1.5 micron was coated over the 1 mm thick cleaned z-cut quartz
substrates and was pre-baked at a temperature of 105° C for 1 minute. The photoresist coated
substrate was then exposed to UV light. The desired pattern was obtained by developing the
pattern in the developer solution. The aluminum metal of thickness 200 nm was deposited on
the substrates by thermal evaporation and the undesired aluminum was peeled off by soaking
the samples in the acetone. The optical image of the small portion of fabricated TASR sample
of size 10 mm x 10 mm is shown in Figure 1 (b). Later, the MoS, material was dispersed in
ethanol and deposited over the metamaterial surface using an extremely facile drop casting
technique. An identical MoS; film was coated on the quartz substrate to extract the optical

constant of the MoS, film using terahertz time domain spectroscopy. To understand the
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crystallinity of the drop-casted MoS,, we performed X-ray diffraction analysis and obtained
X-ray diffraction pattern as shown in Figure 2 (a). Thin film X-ray diffraction analysis
revealed highly crystalline MoS, phase with the observed peaks corresponding to the standard
ICSD file # 95569 (shown in black line). Mostly peaks in (001) directions were observed on
account of preferred orientation of the initially synthesized MoS;, sample indicating the
overall quality of the synthesized compounds. The morphological information of the film was
obtained using the Atomic force microscopy (AFM) which revealed that the MoS; film has
rms roughness of 280 nm and an average thickness of the film was ~400 nm. Figure 2 (b) and

(c) depicts the 3D and 2D AFM image of the MoS; coated metamaterial sample.

The MoS; coated TASR sample with an asymmetry of d = 10 um, was optically characterized
by Optical-pump-Terahertz-probe (OPTP) measurements in a ZnTe crystal based terahertz
time-domain spectroscopy (THz-TDS) system. The experimentally measured terahertz
transmission spectra for various optical pump pulse powers are depicted in Figure 3. The
Figure 3(a) represents the transmission spectrum of the TASR without MoS, layer, which
shows sharp Fano line-shape resonance at 0.82 THz. When the MoS; film is coated on top of
the metamaterial, it resulted in the red shift of the resonance position with slight reduction in
transmission amplitude, as shown in Figure 3(b). The red shifting is due to the change in the
gap capacitance of the TASR and the decrease in transmission amplitude is due to the
semiconducting properties of the MoS, film which screens the fringing fields. When the
pulsed near-infrared beam (100 fs with wavelength of 800 nm) with a pump power of 2 mW
(fluence = 2.6 pd/cm?) was incident on the MoS, film, it photoexcited the charge carriers in
the MoS; film which resulted in a small reduction in the amplitude of the Fano resonance
(Figure 3(c)). The slight reduction in the transmission amplitude was due to low photo-
excitation pump power. Upon further increase of the optical pump power to 10 mW (fluence

= 12.7 plcm?), the density of the photoexcited carriers increased, which lead to a strong
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reduction in the resonance amplitude, as shown in the Figure 3(d). When the pump power was
increased from 10 mW (fluence = 12.7 pd/cm?) to 100 mW (fluence = 127 pJ/cm?), the Fano
resonance amplitude gradually reduced (Figure 3(e)) and eventually disappeared at an
incident pump power of 200 mW (fluence = 254 pd/cm?) (Figure 3(f)). We also defined the

peak to peak transmission amplitude modulation depth of Fano resonance as

[(Aoﬁ‘ A)/ Aoﬂ]x100 %, where A, and A, , respectively, stands for the transmission

amplitudes during ‘off” and ‘on’ state of optical pump and observed 9, 45, 96, and 100%
modulation for the optical pump fluences 2.6, 12.7, 127, and 254 pJ/cm? respectively. The
large modulation of the Fano resonance amplitude is observed due to the ultrasensitive photo-
conducting properties of the MoS,. As the incident pump power increased, the
photoconductivity of the MoS; overlayer increased which shorted the capacitive gap of the
TASR structure. The free carriers density due to the pump fleuence could be estimated using

aAf(1-1079D)

the relation ny, = —

, Where f and 4 are the incident pump fluence and wavelength,

respectively, o is the absorption coefficient of the MoS, at the incident wavelength, (1 —
10792) is the fraction of pump light absorbed by the material.’®”! OD is the optical density
which is given by OD= 0.434at for a material of thickness t. The estimated free carrier
densities are 5.9 x 10%", 2.9 x 10*, 2.9 x 10" and 5.8 x 10*° cm™ for the pump fluences of 2.6,
12.7, 127 and 254 pJ/icm?, respectively. We stress that the MoS, film was deposited by a
robust and highly facile drop casting method with considerable roughness of the surface but
the switching behavior outperforms devices fabricated with the state of the art materials in

terms of the pump powers required to switch-off the resonance.

To further understand the photoexcitation behavior of the drop-casted MoS, film, we
performed the OPTP measurements of an identical MoS, film drop-casted on the quartz

substrate. By measuring the time-resolved, photo-induced THz conductivity in MoS; film, we
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could monitor the charge-carrier dynamics. The differential transmission (-AT/T) of the
terahertz pulse through an optically pumped MoS; film was used to extract the
photoconductivity at different pump powers. For a thin film placed on a non-conducting and

non-absorbing substrate, the complex transmission is given by

_ Dlaty) n+1
T(w; tp) T Trep(@)  nt+1+ZpAF (w,tp)d @)

where T and TRef are the transmission through the thin film and reference substrate, Z, is the
free space impedance, d is the thickness of the thin film and n is the refractive index of the
substrate in the terahertz wavelength range. From the above expression, the complex

photoconductivity was calculated numerically as,

n+1 [1-T(w,tp)

A&(a); tp) = Zod T((l),tp)

)
The extracted photoconductivity data for various pump powers are shown in Figure 4. The

complex photoconductivity follows Drude-Smith behavior given by

2
Ao(w) = rgo—wii) [1 1 —fw/[‘] @)
where the first term represents Drude conductivity and second term accounts for Smith
correction.® The parameters ¢,, I’ and wp are vacuum permittivity, scattering time and
plasma frequency respectively and C accounts for the backscattering which arises from trap
and gain boundaries of sample and its value lies in the range of 0 to -1 where C = 0 denotes
forward scattering and C = —1 signifies complete back scattering. The real and imaginary
part of experimentally measured photoconductivity spectra were simultaneously fitted using
Equation 3, and shown in Figure 4. The good agreement between measured data and fitted

data imply that the response is entirely from the free charge carrier, where the backscattering

comes from the surface inhomogeneity of the MoS; film.
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In order to demonstrate the photo-induced switching in MoS, coated Fano resonant
metamaterial, we also performed the numerical simulations using commercially available
CST Microwave Studio software in the frequency domain, which solves Maxwell’s equations
by using Finite Integral techniques. In the simulation, quartz with dielectric constant of 3.75
was used as a substrate, aluminum metal with DC conductivity of 3.56 x 10" S/m was
considered to design the metallic TASR array with a thin layer of MoS; coated on the top of
the metamaterial unit cell. The permittivity of MoS, (e~12.25) was extracted from the
terahertz measurements. The transmission spectra for various photoconductivity has been
simulated and shown in Figure 5. The simulations show similar trends of photo-switching
which we observed in experiment (Figure 3). Further, we also simulated the electric field
distribution in TASR at Fano resonance frequency. The electric field mainly concentrated at
the capacitive gaps of the TASR (as shown in Figure 5 b) gives rise to a strong Fano
resonance. The electric field strength was maximum for the sample without the MoS; (Figure
5 (b)). The enhanced photoconductivity of MoS, leads to the decrease in the capacitance
which eventually causes the quenching of the Fano resonance. The annihilation of electric
field at higher pump fluences signalled the switching-off of the Fano resonance in the

metamaterial system.

Ultrafast charge carrier dynamics explains the electronic transport and optical properties of
semiconductors. The fast relaxation of charge carriers excited above the band gap defines the
switching time scale of materials for the ultrafast photonic applications. In bulk MoS,
excitation of charge carrier by femtosecond laser created hot carriers in the conduction band
that reached thermal equilibrium state in few picoseconds via both carrier-carrier and carrier-
phonon scattering. In our case, we have used OPTP measurement scheme to investigate the
ultrafast carrier dynamics in bulk MoS,. Figure 6 shows the transient dynamics of MoS, for

different pump fluences ranging from 50 mW (63.5 pJ/cm?) to 200 mW (254 pd/cm?). In

10
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order to extract the lifetimes of fast and slow decay processes, all transients are fitted by bi-

exponential decay function

(x—x0)
S )+Aze

(x=x0)
(-

y = Yyo+Ae (4)

where t; reflects on the lifetime of fast process and t, is associated with the lifetime of slow
decay process. The fast decay is due to the energy relaxation of the hot carriers until they
reach thermal equilibrium, while the slow decay depicts the life time of the carriers.’® Here it
should be noted that the value of t; increased from 12 ps to 24 ps with pump fluences. This
happens due to the hot phonon effect where large population generated by either higher lattice
temperature or by larger photoexcitation fluences, along with slow phonon relaxation rate
which prevents the carrier cooling by phonon emission."®™ Through our extraction using bi-
exponential fitting, the slow carrier relaxation lifetimes falls in the range of hundreds of
picoseconds. Here, we would like to highlight that drop casted MoS, coated active
metamaterial resonant device could be switched-off and restored within sub-nanosecond time

scales.

In conclusion, we have experimentally demonstrated that the drop-casted MoS, could be a
perfect dynamic material for ultrafast, active photo-switching and modulation of the sub-
wavelength Fano resonance based metaphotonic devices. Our results manifest the ultrafast
switching of the Fano resonances on the time scale of 200 picoseconds in a MoS; hybrid
metaphotonic devices. The drop casting of MoS, turns out to be a robust and facile method of
deposition. The observed ultrafast and highly sensitive switching of the E-field confined in
the gap of the resonators offer exciting opportunities for realizing ultrafast low energy
subwavelength photonic devices. By integrating MoS, with metamaterial, an economical and
robust active hybrid photonic devices can be realized with excellent multifunctional properties

for nonlinear interactions, sensing, and lasing applications.

11
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Methods:

1- Materials Synthesis

Initially high quality MoS, crystalline compound was synthesized via chemical vapor
transport technique using TeBr, as a transport agent. As received molybdenum powder
(99.9%, Alfa Aesar) and sulfur pieces (99.99%, Alfa Aesar) were vacuum sealed inside a
quartz tube (ampoule) with an internal pressure of 10” torr. This sealed ampoule is subjected
to a temperature profile of 950 °C at source zone and 900 °C at growth zone in a two-zone
furnace for a period of 10 days. After the completion of the process, MoS, was carefully
obtained for further characterization. For the ultrafast measurements, the obtained sample was
dispersed in ethanol solvent and sonicated for 60 minutes. Later it was drop-casted on the
required substrate (quartz and resonator) and simultaneously baked to evaporate the solvent.
Here the choice of solvent and the power of sonication is moderate as the idea is to test the

multi-layer MoS, sample response with facile preparation steps.
2- Materials Characterization

The deposited film via drop-cast method is characterized for phase purity via Shimadzu
XRD-6000 (Cu-K,, radiation operated at 40 kV and 30 mA) configured in thin film mode.
Further topographical and morphological information of the film was obtained using

Piezoforce microscopy (PFM) [NT-MDT].
3- Optical pump-Terahertz probe Measurements

The terahertz transmission measurements were carried out using Optical-pump-Terahertz-
probe (OPTP) setup that is based on ZnTe nonlinear THz generation and detection. Optical
laser beam had a pulse width of ~ 100 fs, energy of 4 mJ/pulse at 800 nm with a 1 kHz

repetition rate. The beam was split into two parts with one being used for pumping the ZnTe

12
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crystal for THz generation-detection and the other part of the beam (800 nm, 1.55 eV) was
used for optical excitation of MoS; layer. The photo-excitation pulse has higher photon
energy than the band gap of the MoS, sample, which is about 1.2 eV. The optical pump beam
has a beam diameter of approx. 6 mm, which is much larger than the focused terahertz beam
spot size of nearly 3 mm at the sample position, providing uniform photo-excitation over the
MoS; film. The time delay between optical-pump and terahertz probe pulses was controlled
by using a translational stage and the delay is set to about 6 ps, where the photo-excited signal
IS the maximum. At this maximum pump signal, the terahertz scan was performed on the
sample and the reference substrate and later in the post processing steps the spectrum through

the sample (Es(w)) is normalized to the reference substrate transmission spectra (Er(w)) using

the relation |T(®)| = |Es(®)|/|Er(®)|.
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Figure 1

Metal TASR

Figure 1: a) An artistic illustration of the MoS; drop casted on terahertz asymmetric split ring
resonator (MoS,-TASR) structure with the normal illumination of the optical pump and THz
probe pulses. The inset represents the schematic of unit cell of the TASR highlighting the
necessary structural dimensions in micron. Gaps in the TASR are 3 pum in size. Optical
microscopy image of a small portion of the TASR metamaterial sample b) without MoS, and

c) with drop casted MoS; layer.
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Figure 2: Measured X-ray diffraction (XRD) spectra of the drop casted MoS, over a quartz
substrate. Black lines represent the simulated XRD pattern from the literature. (ICSD- 95569).
(b)-(c) 3D and 2D Atomic force microscopy (AFM) image of the drop casted MoS; on the

quartz substrate, respectively.
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Figure 3: Experimentally measured terahertz transmission spectra of the fabricated
metaphotonic device without MoS; (a), and with drop casted MoS, (b-f) layer at different

optical pump fluences through OPTP measurements.
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Figure 4: Experimentally measured (dotted) real and imaginary part of the photoconductivity

spectra of drop casted MoS; film at varying excitation pump fluences. Solid lines represent

the Drude-Smith fitting of the measured photoconductivity. The real and imaginary part of the

conductivities are shifted vertically from each other for clarity.
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Figure 5: a) Depicts numerically simulated amplitude transmission spectra by changing the

photoconductivity of drop casted MoS; layer deposited on the TASR metamaterial structure.

(b)-(e) Numerically calculated E-field distributions in the TASR metamaterial structure at the

Fano resonance frequency for TASR without MoS,, with MoS,, and with optically pumped

MoS, with low pump fluence (63.5 pd/cm?) and switch-off of the Fano resonance with high

pump fluence (254 pd/cm?), respectively.

23



WILEY-VCH

Figure 6
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Figure 6: a)-c) Experimentally measured excitation dynamics (black line) of the drop casted
MoS; film on a quartz substrate performed using the OPTP measurements at excitation pump
fluence 63.5, 127 and 254 pJ/cm? along with the corresponding bi-exponential decay fitting

(red line).
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