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Abstract

Top-down lithography of large area chemical vapor deposition grown monolayer MoS; is achieved
using block copolymer patterning and oxygen plasma etching. The MoS: nanodots are ~30 nm in
diameter and show strong photoluminescence, with a spectral shift compared to the non-patterned
MoS,. The spectral shift of ~15 nm towards higher energy is associated with the release of strain
in the monolayer as the lateral dimension is reduced, which is correlated with the Raman mode
stiffening. The regular arrays of monodispersed nanodots and nanorods immobilized on a substrate
present opportunities in diverse applications including electrocatalysis, sensing, and opto-

electronics.



Monolayer transition metal dichalcogenides (TMDs), such as MoS» and WS, are direct band gap
semiconductors and offer new opportunities in electronics, opto-electronics and photonics beyond
graphene.r® A key aspect in realizing the potential of 2D materials is the ability to create nanoscale
structures with monolayer thickness, using either top-down or bottom-up methods.*® In graphene,
nanoribbons have been synthesized by both approaches, with bottom-up growth by the high
temperature reaction of molecular based precursors on a substrate " and the unzipping of carbon
nanotubes.®!° Chemical exfoliation of bulk MoS; has led to the production of small nanoparticles
of MoS; with modified optical properties. The recent advancements in chemical vapor deposition
(CVD) growth of large area 2D TMD monolayer sheets offers an ideal platform for top-down
lithography and nanoscale patterning that will be compatible with electronic and opto-electronic

applications.

Top-down lithography of 2D materials is often achieved using resist-based electron-
beam?:!2 and optical lithography methods,*® direct patterning by focused ion beams (Ga'**® and
He'®18), energetically preferred chemical etching,'®?° nanoprobe cutting®* and block copolymer
(BCP) lithography.?? Block copolymers possessing multiple types of polymer blocks in a backbone
are prone to self-assemble into periodic nano-patterns, such as nanodots, nanorods, nanoribbons,
and nanomesh,?® thus enabling nano-lithography of various surfaces of materials including
silicon,?* silicon nitride,?® metal oxides,?%%" and so on for the nano-fabrication of air-gap structures,
capacitors, field effect transistor, memories, etc.?® Thin films of BCPs can also play a role in
templating the bottom-up growth of nanoparticles and nanowires of TMDs.2%3° In particular, BCPs
have been used to pattern graphene into nanoribbons with sub-10nm width for transistor
electronics.?? Expanding these top-down BCP patterning methods to other 2D materials, such as

semiconducting monolayer TMDs, has yet to be achieved.



Here, we use BCP patterning combined with oxygen plasma etching to fabricate nanodots
and nanorods in monolayer MoS; grown by CVD. A sacrificial interface PMMA layer between
the MoS> and BCP enables the lift-off of the BCP etch mask after oxygen plasma etching, leaving
behind bare MoS2 nanodots and nanorods. The structures and properties of the MoS; film are
investigated before and after the lift-off process. Characterization is performed using scanning
electron microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, and
photoluminescence spectroscopy (PL), revealing a significant blue-shift of PL and stiffening of

Raman modes attributed to the strain release in the monolayer domains through nano-patterning.
Results
BCP-templated MoS: patterning process.

MoS; was grown using CVD, with triangular and hexagonal shaped domains on the scale
of 10-100 um randomly distributed across a 1 cm silicon wafer with 300 nm silicon oxide layer.
A schematic illustration of the flow-chart process used to create the nanodots in MoS: is presented
in Figure 1(a). PMMA is first spin-coated over the entire substrate to act as a buffer sacrificial
layer for lift-off in the final stages to remove any residual BCP. Next the substrate is coated with
a polystyrene-block-polydimethylsiloxane (PS-b-PDMS) layer which self-assembles into periodic
arrays of PDMS particles embedded in a PS matrix through toluene vapor annealing process, as
previously reported.?? PS-b-PDMS is chosen for the fabrication of a self-organized nano-template
because of its desirable etch selectivity and the formation of highly ordered features due to its high
Flory-Huggins interaction parameter (x).3!. Oxygen plasma is then used to preferentially etch
through the PS region of the BCP and removes the underlying PMMA and MoS,. The exposure of

PDMS to the oxygen plasma results in the conversion to SiO2 which is immobilized and selectively



covers the underlying PMMA layer and MoS;. The remaining PMMA and SiO; are then removed
in a lift-off process by submerging the stack in acetone for at least 4 hours. Figure 1(b) and 1(c)
show schematic illustrations of a nano-patterned MoS, monolayer domain composed of ~30 nm

dots by the BCP-templated lithography.
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Figure 1. Schematic illustration of the BCP patterning process for nanodot fabrication in
MoS:. (a) Flow chart for nano-patterning procedure of monolayer MoS, domains using PS-b-
PDMS block copolymers as an etch mask. Schematics of (b) monolayer MoS; patterned in a shape

of dots and (c) an array of nanodots formed as a result of BCP lithography.



The formation of nano-patterned before lift-off of the etch mask was confirmed by SEM
as shown in Figure 2. As-grown MoS; domains of 10-100 pum scale, which have triangular shapes
with uniform contrast (Figure 2(a)), were covered first by a PMMA layer then by a BCP film that
generates hexagonally ordered dot arrays of PDMS phase within a thin layer of PS phase. This
thin film of the BCP is defined as a monolayer, while any thicker deposition of the BCP, i.e.
multilayer of BCP, creates a different phase pattern that resembles the array of rods rather than
dots. The patterns of BCP provide an etch mask that replicates the arrangement of PDMS
dispersion in the BCP film, and after etching the PDMS regions remain after reacting to form SiOa,
as seen in Figure 2(b—d) with various magnifications. The substrate is completely covered by the
pattern, displaying contrast between the areas covered either with SiO2 rods (appear darker) or
dots (lighter), which is clearly seen in Figure 2(d). The phase separation of BCPs creates multilayer
defects, and the strategies to achieve more uniform self-assembly of BCPs using directing
topographical templates have been investigated.* In this work, spontaneous phase separation of
PS-b-PDMS and the resulting patterns of different shapes were studied, instead of pursuing a

uniform patterning strategy.

Figure 2(e) shows coexisting SiO2 dots and rods with brighter contrast relative to the
substrate. The dimensions of the features were analyzed in Figure 2(f) and 2(g) by measuring the
line profiles of hexagonally ordered dots and periodically aligned rods. The approximate diameter
of the dots appears to be ~30 nm and the width of rods ~25 nm, with a slightly higher packing

density of nanorods compared to the nanodots.



Intensity (a.u.)

BTN o 25 50 7% 10 125
R .#"- Distance (nm)
E
s
.%’
£
0 2 50 7% 100 125
Distance (nm)

Figure 2. SEM characterization of the nano-patterned MoS: using BCP and oxygen plasma
etching. (a) SEM image of the as-grown MoS: before BCP patterning. (b) SEM image showing
the large area of the sample covered with SiO2 nanostructures after oxygen plasma etching of BCP
patterns. (¢) SEM image of a single triangular MoS. domain with SiO- pattern. The dark micron-
scale patterns represent the areas covered with SiO2 rods that are generated by the oxidation of
BCP multilayer. Lighter regions are covered with SiO> dots that are formed by the oxidation of
BCP monolayer. (d) SEM image with higher magnification showing the edges of MoS; domains
(dark contrast) with the SiO2 mask covering the entire substrate. (€) SEM image of the detailed
structure of the SiO, mask on MoS,, showing the presence of well-ordered SiO> dot and rod arrays
(light contrast). (f) Magnified view of the region indicated with the red box in (e) showing

hexagonally packed SiO2 dots and the line profile of dots. (g) Magnified view of the region



indicated with the yellow box in (e) showing SiO> rods and their line profile. The average diameter

or width of SiO» dots and rods is 25-30 nm.

Next we demonstrate that the nano-patterned monolayer TMDs can remain on the substrate
after the removal of the lithographic mask. Figure 3(a) and 3(b) show the optical microscope
images of CVD-grown pristine MoS, domains and those covered by the SiO- after oxygen plasma
etching, respectively. The bright micro-scale patterns in Figure 3(b) consist of SiO> rods, and the
rest of the substrate is instead covered with SiO> dots. After lifting off the PMMA sacrificial layer
and the overlying SiO2 by immersing the substrate in acetone, we obtained mainly two types of
MoS. monolayer domains as in Figure 3(c) and 3(d). The former exhibits mostly unvarying
contrast within a domain, similar to a pristine monolayer, whereas the latter displays micro-scale
patterns that resemble the arrangement of the SiO> mask shown in Figure 3(b) and Figure 2(c).
The uniform domains were found near the edges of the substrate where the thick deposition of
BCPs leads to the formation of a mask consisting of mainly rods and only a few dots. The domains
in Figure 3(d) are present in the center of the substrate where a thin BCP monolayer is formed and
produces the mixture of SiO> dots and rods after oxygen plasma etching. An SEM image of such
domains (Figure 3(e)) exhibits both nanodots and nanorods of monolayer MoS;, and the measured
dimensions of the nano-patterns in Figure 3(f) and 3(g) are consistent with the SiO etched
structures in Figure 2. The uniform domains as in Figure 3(c) are composed primarily of rod-
shaped structures with on a small number of nanodots interspersed as revealed in by SEM (Figure
3(h)). The ratio of areas covered by dots and rods is determined by the thickness of the deposited

BCP and affects the optical contrast of the nano-structured domains. The hexagonally ordered



nanodots form continuous arrays in a large area up to 2 um in width, Figures 3(e) and 3(i), which

confirms the BCP lithographic method for creating nano-structured TMDs.
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Figure 3. Optical microscope and SEM characterization of nano-structured MoS: after the

lift-off process. Optical microscope images of monolayer MoS, domains that are (a) pristine (as-



grown), (b) covered with a SiO> mask layer, (c) nano-patterned mostly with rods after the lift-off
process, and (d) nano-patterned with dots and rods. (e) SEM image of a nano-patterned monolayer
MoS. domain comprised of MoS; dots and rods, as the domain in (d). (f) Magnified view of the
region indicated with the red box in (e) showing hexagonally packed MoS; dots and the line profile
of dots. (g) Magnified view of the region indicated with the yellow box in (e) showing MoS; rods
and their line profile. MoS; is seen darker relative to the SiO2 substrate. The average diameter or
width of MoS; dots and rods is 25-30 nm. (h) A domain patterned mainly in the shape of rods with
smaller number of dots filling the space between rods, corresponding to the optical image (c). (i)
Larger area of MoS> nanodot arrays with a hexagonal order. Bright dots represent SiO> mask

impurities that remained after the lift-off process.

AFM topography in Figure 4 corroborates the results shown in Figure 3. We probed nano-
structured MoS, domains and SiO, impurities that were partially left behind after the lift-off
process (Figure 4(a)). The center of the micro-scale domain was examined in higher magnification
where coexisting nanodots and nanorods were found (Figure 4(b)). The height profile across the
step edge of the MoS, domain on the substrate indicates the monolayer thickness (Figure 4(c)).
The magnified regions from Figure 4(b) show the detailed structures of nanodots (Figure 4(d)) and
nanorods (Figure 4(e)) that are well defined on the substrate. High-magnification topography of a
region within the micro-domain in Figure 4(a) is shown in Figure 4(f) which illustrates both dot-
and rod-shaped MoS:; structures, and their height profiles confirm they are monolayer thickness.
The profiles depict round surfaces of the nano-structures rather than flat surfaces with sharp edges,
inferring the presence of tip artifact or the non-uniform degrees of O plasma etching on the MoS;

monolayer along the z-direction (normal to surface).
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Figure 4. AFM characterization of nano-structured MoS: after the lift-off process. (a) Low-
magnification AFM topography of nano-patterned monolayer MoS,. (b) Representative mid-
magnification topography of the outlined area in (a) (green) in the center of the MoS, domain. (c)

Height profile of the denoted section (blue line) in (a) proving the monolayer thickness of MoS>



on SiO» substrate. (d) Magnified view of the region indicated with the yellow box in (b) showing
nanodots. (e) Magnified view of the region indicated with the green box in (b) showing nanorods.
(f) Representative high-resolution topography of the outlined area in (a) (yellow) near the edge of
the MoS; domain, showing individual MoS; dots and rods. Height profiles from the respective red
and yellow lines indicated in (f) for (g) nanodots and (h) nanorods. The average height of ~1 nm
corresponds to a monolayer thickness, and the average size of the nano-patterns of 25-30 nm

matches the SEM characterization.

Optical properties of the nano-structured MoS: were investigated by photoluminescence
(PL) measurements on the selected spots of ~1 um size within MoS, domains. As-grown pristine
MoS; domains and those covered by a PMMA layer exhibit identical PL spectra with a peak at
678 nm upon the excitation at 514.5 nm (Figure 5(a)), suggesting the negligible effect of PMMA
coating on the photoluminescence of MoS; flakes. The parts within the domains covered with SiO>
dot etch masks show a blue-shifted PL at 663 nm and those with SiO, rods behave similarly
emitting PL at 666 nm. The shift of 12-15 nm can be attributed to the release of the built-in strain
in the monolayer MoS; that comes from the rapid cooling after the CVD growth process,*® also
supported by the Raman spectroscopy. Figure 5(b) shows the Raman spectra of pristine and the
nano-structured MoS,. E',4 and Axg peaks correspond to the in-plane and out-of-plane vibration
modes.3* The pristine MoS; shows characteristic peaks at 385 cm™* and 406 cm™, respectively,
and the spacing between two peaks of 21 cm™* agrees with the frequency difference measured in
high-quality monolayers as previously reported.®* As the monolayer is nano-patterned, both
characteristic vibration peaks are blue-shifted by 1-2 cm™ for EX,4 mode and 1-4 cm ™ for Aig mode,

while the frequency difference between two peaks decrease by 1 cm™* for nanorods but increase



by 3 cm™ for nanodots. The stiffening of E';y mode in a similar degree has been reported for
monolayer MoS, domains transferred onto other substrates (SiO2/Si or h-BN)*® through a two-step
PMMA-assisted process that releases biaxial lattice tensile strain present in the MoS, domains

directly grown on SiOa.

After the lift-off of a PMMA layer and a SiO: etch mask, the PL and Raman spectra of
nano-structured MoS, were measured and compared to those of pristine domains. The degree of
the blue-shift in PL of ~15 nm resulting from the nano-patterning was similar to that seen before
the lift-off process, indicating the marginal effect of a PMMA layer or a SiO2 mask on the PL
measurement (Figure 5(c)). The stiffening of E',g and Aig modes by 1.5-2.5 cm™* and 0.5-1 cm™,
respectively, was observed for respective dots and rods in Figure 5(d), similar to the blue-shift
with nanorods before the lift-off (Figure 5(b)). As a control experiment, the PMMA-assisted
transfer of MoS; pristine domains onto another SiO-/Si substrate was conducted, and E'»g and Asg
peaks at 387 cm™* and 406.5 cm™* were observed on the transferred MoS.. The Raman shift of two
modes overlaps with the other spectra measured from nano-structures, confirming the correlation
between the release of strain and the Raman stiffening. Also, the relative intensity of two modes
(A1g/E12g) increases in a similar degree for the transferred pristine MoS; and for the nano-structured

domains.

Since the stiffening of both Ely and Aig modes after the lift-off appears consistent
regardless of the dimension of the MoS, domains, the more significant Aig blue-shift of the
nanodots before the lift-off (Figure 5(b)) implies the doping level change or the stronger interaction
with the PMMA layer compared to that of other structures. The strong binding of nanodots to

PMMA layer and relatively loose attachment onto SiO- substrate has been observed during longer



lift-off processes where the nanodots were found detached from the substrate as opposed to the

remaining nanorods and the unpatterned pristine MoS; flakes (Supplementary Figure X).

The relative PL intensities of as-grown and nano-patterned MoS, domains are plotted by
normalizing to the Raman Azig mode intensity of each sample, which eliminates other factors from
the comparison such as materials quantity, excitation intensity, and local electric field.? The Raman
intensity and shift of Aig mode are reported to be more consistent compared to E',q mode with
respect to varied density of sulfur vacancy.®’ Figure 5(e) shows that the PL efficiency of nanodots
and nanorods is decreased to 13% and 42% of the pristine monolayer respectively, which is
attributed to the increased defect trapping rate in the nano-structured domains carrying higher
edge-to-area ratio. Edge region is presumed to be more disordered than the crystalline interior and
to have lower exciton emission intensity due to the increased quenching.®® Time-resolved PL
experiments were performed on pristine and nanorod MoS; domains, while the MoS; nanodots
were difficult to measure accurately due to their lower relative PL intensity. The room temperature
PL decay from the nanorods was nearly identical to the pristine domain, Figure 5(f), with some
convolution from the instrument response function. The PL decay time constant of ~1 ns agrees

with the previous experimentally and theoretically obtained values.3%°
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Figure 5. Normalized photoluminescence (PL) (a) and Raman (b) spectra of monolayer MoS>

nanodots and nanorods before the lift-off process (under a SiO2 mask after O plasma etching) and

those of pristine MoS> shown for comparison. Normalized PL (c) and Raman (d) spectra of

monolayer MoS; nanodots and nanorods after the lift-off process and those of as-grown MoS;

domains included for comparison. The Raman spectra of pristine domains transferred onto another

SiO; substrate exhibits similar shifts of both E'»g and A1y modes to those of nano-patterns. (e)

Relative PL of nano-patterned and pristine domains after the lift-off process (identical data as

shown in (c)). (f) Transient PL spectra of nanorods and pristine MoS: relative to IRF (instrument

response function).



Discussion

Although monolayer TMD dots in nano-scale have been synthesized by chemical
exfoliation with intense sonication of bulk materials,>***** the unambiguous understanding of the
size-dependent properties of these dots remain a challenge due to the structural deformation and
the polydispersity in dimensions.** Our method of nano-lithography employing periodic PS-b-
PDMS BCP templates can generate ordered micron scale arrays of monodispersed nanodots in
continuous areas and also nanorods in a predictable way. The uniform size and distribution of
nano-patterns were directly monitored by SEM and AFM, and the consistent shift of their optical
properties was successfully correlated to the strain release across the nano-domains. The lateral
dimension of the current nano-structures (25-30 nm) can be further reduced by high temperature
oxidation and chemical oxidative reactions which will be the focus of future studies. Lateral size
reduction of the nanodots and nanorods will be conducted to create sub-10 nm quantum dots that
could display 2D quantum confined excitonic properties. The optical enhancement and the charge

transport in the sub-10 nm TMD monolayers will be investigated.

As nanoscale TMD crystals have been incorporated in biosensing of analytes including
glucose® and DNA,* the solution of the uniform nanodots and nanorods, separated by size-
dependent filtration or centrifugation, will be utilized for such applications. Moreover, higher
catalytic activities of the nano-structured MoS; on the electrochemical hydrogen evolution reaction
(HER)**" are expected due to the increased edge states that are chemically more active. Further
development of nano-patterning TMDs in diverse structures and dimensions by the BCP-assisted
nano-lithography will offer tremendous opportunities by utilizing quantum confinement, increased

defects, and the edge effects.



Methods

Chemical vapor deposition growth of monolayer MoSa.

MoS: single layers were prepared using a similar approach to that previously reported. [cite]
Molybdenum trioxide (MoOs, >99.5%, Sigma-Aldrich) and sulphur (S, >99.5%, Sigma-Aldrich)
powder were used to grow monolayer MoS; on a SiO/Si substrate (300 nm thick SiO2) by
chemical vapor deposition (CVD) at atmospheric pressure. Two furnaces were used to enable
temperature control on both the precursors and the substrate. The heating temperatures for S, MoOs
and SiO2/Si substrate were ~ 180, ~300, and ~800 °C, respectively, with argon used as the carrier
gas. To avoid cross-contamination between MoOs and S, MoOz powder was placed in an inner
tube having a smaller diameter, which was then inserted into the larger 1-inch quartz tube. The S

powder was loaded in the outer quartz tube.

Block copolymer patterning and oxygen plasma etching process.

Measurement of PL and Raman spectra.

PL and Raman spectra were acquired using a Horiba LabRAM 800 HR spectrometer equipped
with an Ar* (514.5 nm) excitation source and a Peltier-cooled CCD detector. The laser was focused
on the sample with a 400 nm confocal hole using the 100x objective under reflected illumination.
The laser spot on the sample was ~1 um in diameter and had a power of ~4 mW at the sample

surface.



Data availability. The data that support the findings of this study are available from the

corresponding author upon request.
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