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Manipulating flow of light in 2D materials

Two-dimensional (2D) materials have emerged
as promising candidates for miniaturized optoelectronic
devices, due to their strong inelastic interactions with light.
On the other hand, a miniaturized optical system also re-
quires strong elastic light-matter interactions to control the
flow of light. We observed giant optical path length (OPL)
from a monolayer molybdenum disulfide (MoS,), around
one order of magnitude larger than that from a monolay-
er graphene. Using such giant OPL to engineer the phase
front of optical beams, we demonstrated, to the best of our
knowledge, the world’s thinnest optical lens consisting of a
few layers of MoS, less than 6.3 nm thick.

Refractive optical components rely on the optical
path length (OPL) to modify the phase front of an optical
beam. The OPL is directly related to the geometrical length
of light path. As a result, it is normally expected that the
OPL of an ultra-thin 2D material would be too small to
have a significant impact on the phase front because of
their ultra-thin thicknesses. But we have been able to ob-
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Figure 1 Giant optical path lengths (OPLs) from single- and few-layer MoS,. a, Optical microscope image of
a mechanically exfoliated MoS, sample on a SiO,/Si substrate (275 nm thermal SiO,). b, Phase shifting inter-
ferometry (PSI) image of the region inside the box indicated by the dashed line in (a). ¢, PSI measured OPL
values versus position for 1L, 2L, 3L and 4L MosS, along the dashed line in (b). d, Statistical data of the OPL
values from PSI for 1L, 2L, 3L and 4L MoS, and graphene samples. Inset is the schematic plot showing the PSI
measured phase shifts of the reflected light from the MoS, flake (¢_(,, ¢, )) and the SiO, substrate (¢_(,))-

serve a giant OPL of 38 nm from a monolayer MoS,, which
is more than 50 times larger than its physical thickness of
0.67 nm and around one order of magnitude larger than the
measured OPL of a monolayer graphene that was found to
be only 4.4 nm (Figure 1).

This giant OPL is created by relatively strong multi-
ple reflections at the air-MoS, and MoS,-SiO, interfaces. The
OPL of high-index 2D materials, such as MosS,, is remark-
ably larger than that of SiO,, graphene, Au or Si. And by
making use of its giant OPL, we demonstrated phase-front

engineering by fabricating the world’s thinnest lens based

on a few atomic layers of MoS, (Figure 2). We started with a
flake of uniform 9L MoS, and then used focused ion beam
(FIB) to mill a pre-designed bowl-shape structure (20 pm in
diameter) into the flake (Figure 2a&b). The gradual change of
MosS, thickness, from the centre to the edge, led to a contin-
uous and curved OPL profile for an incident beam, and this
served as an atomically thin (reflective) concave micro-lens
(Figure 2c). Based on the measured OPL profile, the focal
length f of this MoS, micro-lens was calculated to be -248um.

We used a far-field scanning optical microscopy
(SOM) to characterize the fabricated MoS, micro-lens. The
micro-lens was moved along the z-axis in steps of 10 um
by a piezo-electrically driven stage. The camera recorded a
series of the intensity distributions with the MoS, micro-lens
positioned at different z values. A three-dimensional dataset
was generated and a cross section profile was obtained along
the x- and z-axes to illustrate the average distribution of the
light intensity in these directions (Figure 2d). When the MoS,
micro-lens was placed at a distance 2|f | above the focal plane,
the focused incident light would be exactly reimaged which
is equivalent to the light coming from a point source. There-
fore, the camera recorded a well-focused light spot. The focal
length f of the MoS, micro-lens was measured to be -240 um
(2f = -480 pum), which matches very well with the simulated
value (-248 um).

In conclusion, we have shown that high-index 2D
materials have extraordinary elastic interactions with light.
As a result, wavefront shaping can be accomplished with
atomically thin 2D materials, enabling a new class of opti-
cal components entirely based on high-index 2D materials.
Moreover, compared to conventional diffractive optical com-
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Figure 2 Atomically thin micro-lens fabricated from a few-layers of MoS,. a, PSI image of an atom-
ically thin micro-lens fabricated on a 9L MosS, flake. b, Schematic plot of the micro-lens structure. c,
Measured OPL values versus position for the direction indicated by the dashed line in (a). d, Intensi-
ty distribution pattern of the MoS, micro-lens measured by scanning optical microscopy (SOM).
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Electron Beam Lithography

Electron beam lithography (EBL) is most suited for
prototyping due to its combination of flexibility and patterning
accuracy. Our RAITH 150 EBL is a versatile 30kV system that
allows the control of the electron beam to expose dedicated re-
sists to create lithographic patterns well into the sub-um range.
Feature sizes of 20 nm are frequently exposed and hardware
and software automation allows us easy and repeatable mul-
tilayer exposures. Our system is equipped with FBMS (Fixed
beam moving stage) exposure technology with "zero-stitch-
ing-error" approach for patterns that can be several millimeters
to centimeters long, while maintaining lateral dimensions
below 100 nm up to micrometers.

One of the characteristic figures of the e-beam lithog-
raphy process is the critical dose. It is defined as the charge de-
posited by the electron-beam in order for the exposed regions
to be removed completely by the developer. When electrons
accelerated with a certain voltage penetrate into a material,
they are subjected to back and forward scattering. Some of the
incident electrons are scattered with a very large angle and are
responsible for the exposure of the resist in areas away from
the actual beam position. The additional dose resulting from
back-scattered electrons give rise to the proximity effect (PE)
which is the main limiting factor for e-beam lithography accu-
racy. The magnitude of this effect is dependent on the accelerat-
ing voltage. High accelerating voltages (100 kV) reduces PE due
to a larger penetration depth of the electrons in the substrate
material. In this case, the large angle scattering occurs further
away from the resist with the probability of them becoming ab-
sorbed in the material before reaching the resist is much higher.
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down and bottom-up approaches have
been perfected to exhibit novel device
concepts in III-V semiconductors. To
manifest a few examples a nanopillar
ensemble is shown in fig. 1(a), distrib-
uted feedback grating is shown in fig.
1(b) and 50 nm vertical nanosheets are
represented in fig. 1(c). Researchers at
ANU and beyond are pursuing a grow-
ing desire for smaller devices (nano
dimensions) driven by the moore's

law. Evolutionary high-end electron
beam lithography is vital in bringing
compactness and improved efficiency
for device and circuit technology of
photonics/opto-electronics components
and systems. Dr Naeem Shahid
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vibrant in serving ground breaking research for applications
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in, though not restricted to, photonics/opto-electronics. Top-
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