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, . . , 1. Introduction
Since the first discovery of graphene, 2D materials are drawing tremendous

attention due to their atomic thickness and superior properties. Fabrication
of high-quality micro-/nanopatterns of 2D materials is essential for their
applications in both nanoelectronics and nanophotonics. In this work, an
all-optical lithographic technique, optothermoplasmonic nanolithography
(OTNL), is developed to achieve high-throughput, versatile, and maskless

Atomically thin 2D materials exhibit
many unique and extraordinary properties
beyond their bulk parent materials, such
as excellent mechanical flexibility, high
thermal conductivity, as well as tunable
electronic bandgap.'8 The increasing

patterning of different atomic layers. Low-power (=5 mW pm2) and
high-resolution patterning of both graphene and MoS, monolayers is
demonstrated through exploiting thermal oxidation and sublimation at
the highly localized thermoplasmonic hotspots. Density functional theory
simulations reveal that Au nanoparticles reduce the formation energy
(=0.6 eV) of C monovacancies through bonding between undercoordinated
C and Au, leading to a significant Au-catalyzed graphene oxidation

and a reduction of the required laser operation power. Programmable
patterning of 2D materials into complex and large-scale nanostructures is
further demonstrated. With its low-power, high-resolution, and versatile
patterning capability, OTNL offers the possibility to scale up the fabrication
of nanostructured 2D materials for many applications in photonic and

material diversity with emerging new
electric and optical properties has led to
the development of novel 2D electronic
and photoelectronic devices, including
field-effect transistors, photon detectors,
light emitting diodes, and solar cells.’"-11]
The precise control of size and shape of
2D materials is one critical fabrication
step for device applications.'¥ Specifi-
cally, the geometry control of 2D mate-
rials at wavelength and sub-wavelength
scale can significantly tune their optical
responses.[371 Traditional top-down pat-
terning techniques, including photolithog-

electronic devices.
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raphy,l'”l electron beam lithography,318]

and ion beam lithography,'*2% have been

extensively employed to fabricate diverse

2D patterns. However, they typically
require complex instruments with high-cost and multiple-step
processing.

Laser processing of low-dimensional materials is a remotely
controlled, one-step, maskless, and low-cost fabrication tech-
nique which provides an alternative approach.?!l The direct or
indirect light-matter interactions at the laser spots, e.g., laser-
induced thermal effect,??l radiation force,?’l laser-induced
phase transition,?*%’] or photon-assisted chemical reaction,!?¢!
open new ways to control or modify the composition, structure,
and geometry of materials.”’?) In the past few years, laser
processing of 2D materials using femtosecond laser has also
been achieved.?°-3%1 However, the high optical power is usually
required and the fabrication of sub-micrometer patterns is still
challenging.

Light-driven coherent oscillation of surface electrons on metal
nanoparticles, i.e., the excitation of surface plasmons, can dramati-
cally amplify optical signals.l*®! Particularly, the plasmon-enhanced
electric field at localized nanoscale regions improves the light-
matter interaction and facilitates the development of novel optical
techniques in material processing. For example, the confine-
ment of light with a plasmonic mask significantly overcomes the
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Figure 1. General concept of OTNL. a) Schematic flowchart of OTNL process for 2D materials patterning, which includes i) fabrication of
thermoplasmonic substrate; ii) transfer of 2D materials onto the thermoplasmonic substrate; iii) PMMA removal by acetone; and iv) optical
patterning of 2D materials. b) Absorption spectrum and c) scanning electron micrograph of thermoplasmonic substrate. d) Enlarged scheme
showing the working area of OTNL. The embedded shows the simulated temperature distribution of thermoplasmonic substrate around the laser
spot. Laser beam size: 1 um and incident power: 6.4 mW um=2. e) Optical images of four squares patterned on graphene. The linewidth is ~1 um.

AFM images of (f) unpatterned area (red rectangle in e) and (g) patterned area (blue rectangle in e) of graphene. A clear trench can be observed in

(g)- Scale bars: (c) 100 nm and (e) 10 um.

diffraction limit and leads to the development of plasmonic nano-
lithography.?7~% Recently, Luo and co-workers have developed a
plasmonic cavity lithography for low-cost and high-throughput
fabrication of metasurfaces.*!l Herein, taking advantage of the
plasmon-enhanced light absorption in metal nanoparticles and
the localized optical heating effect,*>*} we develop a new optical
tool—optothermoplasmonic  nanolithography (OTNL) —for
low-power, on-demand, and programmable patterning of 2D
materials using a continuous-wave laser. Taking graphene and
molybdenum disulfide (MoS,) monolayers as examples, we show
that both thermal oxidation and sublimation in the light-directed
temperature field can lead to direct etching of the atomic layers,
which are further supported by our simulations. Through steering
the laser beam, we demonstrate arbitrary and complex 2D patterns
with both high throughput and high resolution.

2. Results and Discussion
2.1. General Concept of OTNL

Figure 1a shows the whole process of OTNL. A porous Au
film consisting of high-density and quasi-continuous gold
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nanoparticles (AuNPs) serves as a thermoplasmonic sub-
strate (Figure 1b,c). Under radiation of a focused 532 nm laser
beam, localized surface plasmon resonances are excited on
the thermoplasmonic substrate, with both high-efficiency light
absorption and light-to-heat conversion. The high-density
AuNPs lead to well-confined and localized thermal hotspots
during optical heating. As shown in Figure 1d, the simulated
in-plane temperature distribution reveals a maximum temper-
ature of 850 K when the thermoplasmonic surface is heated
by a laser beam with an optical intensity of 6.4 mW pum=. To
achieve coupling between the 2D materials and the thermal
hotspots, we transfer graphene or MoS, monolayers onto the
thermoplasmonic substrate (see Methods for the fabrication
details). Through steering the laser beam with a spatial light
modulator (SLM) or translating the substrate via a motorized
stage (see Figure S1, Supporting Information for the optical
setup), we achieve dynamic interaction between the 2D mate-
rials and the thermal hotspots for arbitrary optical patterning
(Figure le). The patterning of 2D materials was further char-
acterized by atomic force microscope (Figure 1f,g). As shown
in Figure 1g, a clear trench can be observed at the laser
scanned area, which indicates the graphene was removed after
optical patterning.
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Figure 2. Tunable feature sizes in patterned MoS, and graphene via OTNL. Raman spectra of (a) graphene and (b) MoS, before patterning. c) Power
intensity-dependent feature linewidth on MoS,. A linear relationship between feature linewidth and power intensity was obtained. d) Exposure time-
dependent feature size on graphene. The insets show the Raman mapping images of (c) MoS, nanoribbons (A, peak) and (d) graphene nanohole
array (2D peak) in corresponding patterned areas. Red stands for high Raman intensity and black represents low Raman intensity. Scale bars in insets:
2 um. Raman mapping images of I,p/lg ratio of graphene (e) before and (f) after being transfer onto thermoplasmonic substrate. The large I,p/I¢
ratios (>4) represent the high quality of monolayer graphene. Scale bars: 2 um.

Figure 2a shows the Raman spectrum of graphene before
optical patterning. Both high I,p/I; ratio of approximately
5 and narrow full width at half-maximum (FWHM) of the 2D
peak (740 cm™) reveal the high-quality graphene monolayer
(Figure 2a).*l For MoS,, the distance between the E,, band and
the A;, band is ~19 cm™ (Figure 2b), which is consistent with
the value for MoS, monolayer in previous work.}4 The photo-
luminescence (PL) spectrum of MoS, shows an intensive PL
peak at 675 nm, which further confirms the existence of MoS,
monolayer (Figure S2, Supporting Information).” The Raman
mapping images of I,p/I; ratio of graphene before and after
transfer further verify the high crystalline quality after they are
transferred onto the thermoplasmonic substrate (Figure 2e,f).

To evaluate the patterning tunability of OTNL, we examined
the feature size by monitoring the Raman patterns of the pat-
terned 2D materials. We created a set of lines on MoS, under
different incident powers with the same scanning speed (see
the inset in Figure 2c). The linewidth increases linearly from
300 nm to 1.6 um when the optical power increases from 4.8 to
12.2 mW pum~. A minimum linewidth of 300 nm was observed
with an incident power intensity of 4.8 mW um™2. This optical
intensity is about 2 orders of magnitude lower than that
reported in previous works (0.14-2 W pum=2).8%33 It is worth
noting that the linewidth of remaining ribbon structure can
be further reduced by engineering the laser beam shape. For
example, by using phase-shifting plates or 2D vortex phase
plates, the laser beam profile can be shaped to significantly beat
the diffraction limit.1’3l Figure 2d shows a group of graphene
nanoholes patterned with different exposure time under the
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same optical power. The diameter of the nanoholes decreases
with the decreasing exposure time. A minimum hole diameter
of 420 nm was obtained when exposed for 0.067 s. The feature
size can also be further reduced by increasing the numerical
aperture.

2.2. Underlying Mechanisms of OTNL

To understand the interaction between the 2D materials and the
temperature field, we compare the Raman spectra of graphene
and MoS, at different regions, as summarized in Figure 3a,b.
The absence of any significant Raman signal at the ablated area
suggests that the 2D materials were completely removed after
laser exposure, while pristine Raman spectra can be obtained in
the unexposed regions. However, at the interface between the
exposed and unexposed regions in the graphene patterns, i.e.,
the cutting edge, a distinct D band at #1350 cm™! is observed
(Figure 3a), which indicates the existence of defects due to gra-
phene oxidation during laser ablation.?133461 A mapping of
the D band in the graphene pattern shows a clear transition
region at the etching edge (Figure 3c—e), where the radiation
dose is insufficient to ablate the graphene due to the Gaussian
distribution of the temperature around the laser spot. For com-
parison, we also check the Raman spectra at the etching edge
of the MoS, samples (Figure 3b). However, we did not observe
any significant signal from molybdenum oxide, indicating that
the ablation of MoS, is caused by lattice sublimation instead
of molybdenum oxidation.’?l Sublimation starts from the
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Figure 3. Raman measurements for mechanistic study of OTNL. Raman spectra recorded at different areas on (a) graphene and (b) MoS, patterned
in air. The magenta, blue, and black lines correspond to unpatterned area, cutting edge, and ablated area, respectively. A distinct D peak was observed
at cutting edge. Raman mapping image of (c) 2D peak, (d) D peak, and (e) a mix of 2D peak and D peak of graphene at the cutting edge. Red or
green stands for high Raman intensity and black represents low Raman intensity. The white dashed line corresponds to the laser scanned trajectory.
Scale bars: 1 um. Raman spectra recorded at different areas on (f) graphene and (g) MoS, patterned with 25 nm Al,O; on top as a protective layer
against oxidation. The olive and red lines correspond to Raman spectra before and after laser patterning, respectively. After laser patterning, the Raman
spectrum of graphene remained unchanged and the signals of MoS, disappeared.

chemical bonds breaking in MoS, lattice and atoms begin to
evaporate at the sublimation temperature which for MoS, is
450 °C.47]

To further verify our hypothesis, we coated 25 nm Al,0O;
thin films on both graphene and MoS, using atomic layer
deposition before optical patterning. Al,O; is selected as a pro-
tective layer due to its capability of resisting oxidation at high
temperature.**l Based on the thermal conductivity: Kjicon >
Kalumina > Kglass > Kain") the coating of AL,Oj thin film will lead
to heat dissipation and reduce the maximum temperature
during optical heating.>!! Thus, the silicon substrate was used
in control experiments to avoid a dramatic temperature drop
after Al,O;3 coating. Our COMSOL simulation (see Figure S3,
Supporting Information) shows that the coating of Al,03 film
has a negligible effect on the temperature distribution on
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silicon substrate. It should also be noted that silicon is an effec-
tive heat sink and the replacement of glass by silicon as the
substrate gives rise to a much higher optical power to achieve
patterning.®!l We compared the Raman spectra before and after
optical patterning for both graphene and MoS, (Figure 3f,g).
After Al,O; coating, the graphene monolayer is protected from
ablation, while the optical patterning of MoS, remains achiev-
able (also see Figure S4, Supporting Information). These results
reveal that graphene patterning is an oxygen-participated pro-
cess and can be rationally controlled by tuning the oxygen diffu-
sion into the graphene monolayer. In contrast, the patterning of
MoS, is independent on the surrounding oxygen concentration,
which confirms the sublimation mechanism. Sublimation of
graphene can be further excluded since the minimum oxidation
temperature of graphene is 450 °C,P? while the sublimation
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Figure 4. DFT modeling of graphene oxidation on the top of a gold
surface. Top and side views of (a) two O atoms adsorbed on graphene
supported on Au surface, and (b) graphene with one C vacancy supported
on Au surface. The red, brown, and gold balls represent O, C, and Au
atoms, respectively.

temperature is over 2000 °C,*>* which is much higher than
the maximum temperature in our work.

We further carried out density functional theory (DFT)
simulations to understand the role of the thermoplasmonic
substrate in graphene patterning beyond plasmon-enhanced
optical heating. A graphene monolayer is placed on the top of
the gold (111) surface, and two oxygen atoms are introduced
to model the oxidization process. The oxidation process starts
from O, dissociation on graphene, and two oxygen atoms take
out one carbon atom to form CO,, leaving a monovacancy in
graphene.”” We calculated the formation energies of both
oxygen adsorption (Figure 4a) and the carbon monovacancy
(Figure 4b), and the results were compared with the formation
energies calculated in freestanding graphene. We found that
the presence of the gold surface did not significantly change
the energy of oxygen adsorption on graphene (with the energy
difference <50 meV), while it dramatically reduces the forma-
tion energy of a carbon monovacancy by 0.6 eV (see Figure S5,
Supporting Information for the calculation results). The stabi-
lization of the carbon monovacancy arises from the bonding
between under-coordinated C and Au (Figure 4b), indicating
that the Au nanoparticles on the thermoplasmonic substrate
can catalyze graphene oxidation beyond the improvement of
optical heating.

2.3. Patterning Versatility of OTNL

Besides the understanding of the working principle, we further
demonstrate the versatility of OTNL for fabrication of diverse
2D patterns. As shown in Figure 5b—d, we created graphene
nanoribbon arrays with different feature sizes. While adjusting
the laser scan-line period (1.6, 1.35, and 0.95 um), we fabricated
graphene nanoribbons with linewidths of 950 nm (Figure 5b),
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650 nm (Figure 5¢), and 500 nm (Figure 5d). Figure 5a shows
the real-time patterning of the graphene nanoribbon structure
(also see Movie 1, Supporting Information). It takes less than
10 s to pattern a 40 pm x 40 um nanoribbon array, showing
the high throughput of OTNL. 2D graphene nanodisk arrays
(NDAs) can also be fabricated through optical etching of sur-
rounding graphene and controlling the sizes and shapes of the
remaining graphene, as shown in Figure 5e,f. Other periodic
structures including MoS, nanohole array (Figure 5g, also see
Movie 2, Supporting Information for the real-time patterning)
and graphene nanorectangle array (Figure 5h) were also readily
fabricated. The striking contrast in all Raman images verifies
the excellent quality control of the 2D patterns. The precise con-
trol of the feature size and periodicity in graphene monolayer
can facilitate the optical fabrication of graphene terahertz
devices for optical sensing and photon detection.'>'4 OTNL
can also be used to create non-periodic nanostructures with
complex patterns. Through programming the sample stage,
we demonstrate the patterning of a UT-Austin logo on MoS,
monolayer (Figure 5i), and “Graphene” text created on gra-
phene monolayer (Figure 5j), respectively. The UT-Austin
logo was patterned by a raster scanning of stage with a 1 um
line space in conjunction with a shutter to determine an on/
off state of the patterning. The acceleration of stage was set
to be 2.4 cm s and the maximum speed was ~1 cm s\
The total time required to fabricate this large-area pattern
(150 um X 120 um) was less than 15 min.

It should be noted that the presence of AuNPs beneath the
2D materials can modify the intrinsic electrical and optical
properties of the 2D materials, e.g., PL quenching.”® However,
this drawback can be significantly eliminated by transfer of
the patterned 2D materials to other non-plasmonic substrates
(e.g., SiO,/Si substrate, see Figure 6 for details). Besides gra-
phene and MoS,, OTNL can be applied to a variety of other 2D
materials that can be ablated at the temperature generated by
the thermoplasmonic substrate. As another demonstration, we
have created a WSe, grating structure at an optical power of
5 mW pum~2 (Figure S6, Supporting Information).

3. Conclusion

We have developed OTNL for on-demand and high-throughput
patterning of different 2D materials through coordinated man-
agement of both plasmon-enhanced optothermal response and
the heat-matter interaction in the optically controlled tempera-
ture field. Our experiments and simulations reveal that thermal
oxidation and gold catalysis are responsive for the low-power
patterning of graphene, while MoS, patterning is an oxygen-
irrelevant process, i.e., lattice sublimation. Taking advantage
of the localized thermal hotspots confined by the high-density
AuNPs and the flexible management of light, we have dem-
onstrated high-resolution patterning of arbitrary 2D patterns.
Although the optical patterning requires a thermoplasmonic
substrate, the patterned 2D materials can be easily transferred
to alternative substrates by selective etching of the Au layer.
Though our experiments demonstrated patterning of gra-
phene, MoS,, and WSe, monolayers, OTNL can be applied to
various 2D materials for the fabrication of 2D nanostructures
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ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

t=0s t=19s

t=52s t=92s

e Graphene

-
Graphene  m—

MoS,

= l Graphene

Graphene

Figure 5. Versatile patterning capabilities of OTNL. a) Sequential optical images of real-time patterning of 40 m x 40 um nanoribbon structures
on graphene. The linewidth is 600 nm and the periodicity is 2 um. Graphene nanoribbon structures with a linewidth of (b) 950 nm, (c) 650 nm, and
(d) 500 nm and a periodicity of (b) 1.6 um, (c) 1.35 um, and (d) 0.95 um, respectively. Graphene NDA with a diameter of (e) 1.8 um, (f) 1.2 um,
(g) Nanohole array (NHA) with diameter in 1.1 um patterned on MoS,, and (h) graphene nanorectangle array with a geometry of 5 um x 1 um. (i) A
UT Austin logo patterned on MoS,. j) “Graphene” text patterned on graphene. The linewidth is ~1.5 um. The insets in (b)—(h) show the 2D Raman
mapping images of (b—f) and (h) graphene (2D peak) and (g) MoS, (As,) in the corresponding areas. Red stands for high Raman intensity and black

represents low Raman intensity. Scale bars: (a) 10 um, (b—g) 5 um and (i and j) 50 pm.

with precise control for diverse applications. For example, the
optical patterning of graphene nanostructures will facilitate the
development of terahertz photonic devices for applications in
biosensing and photon detection. In addition, the patterning
of semiconductor 2D materials will find applications in 2D
electronic devices such as field-effect transistors.

4. Experimental Section

Thermoplasmonic Substrate: The thermoplasmonic substrate was
fabricated by a two-step process. First, a 4.5 nm Au film was deposited
on a glass/Si substrate with thermal deposition (Denton thermal
evaporator) at a base pressure below 1 x 107° Torr. Then, the Au film was
thermally annealed at 550 °C for 2 h.

Growth and Transfer of MoS,: The atomic-layer MoS, was grown by
chemical vapor deposition using a Thermo Scientific Lindberg/Blue
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M Tube Furnace. MoOj3; powder (15 mg) and sulfur powder (1 g) were
loaded in a quartz tube and heated independently. After four purging
cycles, the tube was filled with UHP N, to 760 Torr at 10 sccm.
The furnace was heated to 850 °C at a rate of 50 °C min~' for 5-min
growth and then cooled down to room temperature. Poly-methyl
methacrylate (PMMA, Microchem 950 A4) was coated to support
monolayer MoS, on SiO,/Si substrate. The SiO, layer was then
etched in buffered oxide etch (Microchem, BOE 7:1) solution,
and the PMMA-supported MoS, film was transferred on to the
thermoplasmonic substrate. Finally, the PMMA layer was dissolved
by soaking the sample in acetone.

Growth and Transfer of Graphene: A quartz tube loaded with a
copper (Cu) foil (Alfa Aesar, 25 um thick, 99.99999% pure) was purged
and back filled with hydrogen gas (H,). The tube was then heated to
1030 °C with H; pressure of 40 mTorr. After 15 min, methane gas (CH,)
was introduced at 5 sccm and graphene was grown on the Cu foil for
10 min, after which the furnace was cooled down to room temperature.
PMMA film was coated on one side of the graphene/Cu substrate while

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the other side of graphene was removed by oxygen (a)
plasma etching. Then, an aqueous ammonium
peroxydisulfate solution (Transene, APS-100) was
used to etch the Cu foils. The PMMA-supported
graphene was washed by the deionized water
and transferred to thermoplasmonic substrate,
followed by removal of PMMA layer by acetone.
WSe, was grown by CVD as described in previous
literature’ and transferred to thermoplasmonic
substrate by wet transfer described above.

OTNL Procedure: The OTNL process was
performed by a combination of stage translation
and shutter activation/deactivation or using a
SLM. A Prior ProScan Scientific stage with an
x—y resolution of 14 nm and a motorized flipper (b)
(Thorlabs MFF102) that acted as a shutter were
used. For complex patterns, the stage and shutter
integrated with the optical path were synchronously
controlled with custom-written LabVIEW code.
The stage moved along the predetermined (x, y)
coordinates with an on/off status of the shutter for
each coordinate. Multiple laser spots were achieved
using an SLM (Boulder Nonlinear Systems, model
P512), two relay lenses (both of focal length
20 cm), and a 50 x long working distance objective
(Mitutoyo, NA: 0.55).

Sample Characterizations: The high-resolution
SEM image of the thermoplasmonic substrate
was taken using the Hitachi S5500 SEM/ STEM
system. The Raman spectroscopy and PL of
MoS, were performed on a Renishaw in-Via
system using a 532 nm wavelength laser source.
Raman spectra of graphene were measured
with the same system using a 442 nm laser
source. The absorption spectrum of the thermoplasmonic substrate
was measured by an inverted microscope (Ti-E, Nikon) with a
spectroscope (Andor), an EMCCD (Andor), and a halogen white light
source (12'V, 100 W).

COMSOL Simulations. The simulated temperature distribution was
simulated around the laser spot at the surface of thermoplasmonic
substrate using the finite-element method (COMSOL v5.3). An
axisymmetric model consisting of a substrate and air domain was
established. The laser heating was modeled as a Gaussian heat source
at the substrate—air interface. The diameter of laser beam was 1 um and
the light-to-heat conversion coefficient was 0.35 (based on Figure 1b).
The thermal conductivities of air and glass substrate are kept as default
while the thermal conductivity of the silicon and Al,O; varies with
temperature.’®#5% In the simulation, a steady state heat transfer equation
was solved within a 300 um x 200 um domain. Room temperature
(298 K) was set for all outer boundaries.

DFT Calculations: DFT calculations were performed using the
Vienna Ab-initio Simulation Packagel®®®"l with PAW potential and PAW
functional with vdW correction.f2631 The Perdew—Burke—Ernzerhosf
exchange-correlation functional®l was used to relax the systems. The
graphene—Au interface was modeled using a 6 x 6 supercell of graphene
and a 5 x 5 supercell of Au (111) surface with three layers. In this way,
the lattice mismatch is reduced to <2%. A 3 x 3 x 1 Monkhorst—Pack k
point mesh was used for the Brillouin zone integration, and a vacuum
layer of 15 A to prevent interactions between periodic images. A kinetic
energy cut-off of 400 eV was used for the plane-wave expansion, and all
atomic positions were fully relaxed until the final force on each atom was
less than 0.01 eV A~'. The formation energy of C vacancy is calculated
as:

Glass

Si0,/Si

E¢.vac = E(host + one C vacancy) — E (host) + E(C) m

where E (host) is the energy of free-standing graphene or graphene on
Au substrate. E (C) is the reference energy of a C atom. It should be
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Figure 6. Transfer of the patterned 2D materials. a) Schematic showing the transfer process
of the patterned 2D materials from thermoplasmonic substrate to SiO,/Si substrate. i) Optical
patterning of 2D materials; ii) PMMA coating; iii) glass etching by HF solution; iv) gold etching
by Kl/1, solution; and v) transfer to SiO,/Si substrate. Optical images of the same MoS, grating
structure on (b) thermoplasmonic substrate and (c) SiO,/Si substrate. Scale bars: 5 um.

noted that the E (C) will be canceled when comparing to the E¢ , in

different hosts, and thus the relative difference is independent on E (C).
The adsorption energy of an oxygen atom is calculated as:

E¢ o =E(host+0)—E (host)— E(O) )

where E (O) is the reference energy of an O atom. Note that the E (O)
will be canceled when comparing to the E; o in different hosts, and thus
the relative difference is independent on E (O).
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