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2D Material has garnered significant interest, particularly for advancing high-performance 2D
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electronics and optoelectronics. The combination of surface engineering and
contemporary growth methods has provided a platform for investigating optical
signals. In this study, we present variations in PL and Raman signals of single-layer
MoS; flakes grown conformally using the glass-assisted CVD method on square-
patterned surfaces with varying well depths. PL spectroscopy revealed a systematic
and pronounced enhancement in intensities as the valley thickness decreased from
285 nm to 225 nm. Conversely, for the hill regions of the samples, the PL intensity
initially increased with decreasing valley thickness and then decreased, despite the
hill regions having a constant thickness of 300 nm. On the other hand, PL maps did
not exhibit a systematic dependence of intensities on the hill-valley thickness
distinction, contrary to expected results based on literature data for similar materials
on flat surfaces. The origin of the intensity oscillations was attributed to possible
mechanisms, including thickness-dependent interference and strain-related exciton
funneling effects. Additionally, Raman measurements revealed irregular variations
in intensity in hill regions, dependent on the thicknesses of the underlying SiO»
layers. Furthermore, we observed that the sizes of the flakes increased as the well
depths of the underlying patterned surface decreased. This phenomenon might be
attributed to alterations in the carrier gas flow pattern and varying temperature
gradients between the hills and valleys. These results hold substantial potential to
open new avenues for the integration of 2D transition metal dichalcogenides into on-
chip electronic and optoelectronic devices.
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1. Introduction nonradiative recombination, charge transfer, and
various excitonic transitions [7-10]. Moreover,
the dielectric surroundings around 2D materials

were reported to regulate the in- and out-coupling

Transition metal dichalcogenide (TMD)
materials have attracted considerable attention

due to their advantageous properties, such as a
tunable direct bandgap, high carrier mobility, and
stability, crucial for future electronic and
optoelectronic applications [1-6].

Previous studies have demonstrated enhanced
photoluminescence (PL) in suspended graphene
and MoSy, attributing it to the reduction of
detrimental interactions with  underlying
substrates. These interactions include

of light, resulting in significant variations in PL
and Raman intensities [11-15].

Zhang et al. examined the impact of multilayer
film interference on the optical signal of single-
layer MoS; on a flat SiO2/Si substrate,
determining that the correct SiO- layer thickness
is crucial for improving PL and Raman
intensities [16]. Similarly, Lien et al. investigated
thickness-dependent interference effects for
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single-layer WSe,. They observed that the
outcoupling mechanism, involving numerous
reflections, leads to variations in PL signal
depending on the thickness of the underlying
SiO> surface [17]. Additionally, the dependence
of the Raman signal of monolayer MoS; and
WSe; on the thickness of the flat SiO- layer was
revealed in previous studies [16, 17].

However, despite being a promising candidate
among 2D TMDs with optoelectronic properties
surpassing graphene and other 2D materials [18],
the impact of surroundings on the optical signals
of monolayer MoS: on patterned surfaces has not
been thoroughly explored. Therefore, it remains
both significant and challenging to examine the
optical signal of monolayer MoS; based on the
well depths of patterned surfaces in order to
uncover the underlying mechanisms.

In this study, the impact of surface patterning on
the PL and Raman signals of monolayer MoS>
was investigated, correlating these effects with
the depth of patterned wells. This variation in
well depth induces changes in the surrounding
dielectric environment and potentially other
parameters. Patterned surfaces, featuring square
arrays with varying well depths, were employed
to elucidate the optical characteristics of
monolayer crystals grown conformally on hill
and valley regions. The properties of these flakes
were predominantly investigated through atomic
force microscopy (AFM), p-PL spectroscopy,
and p-Raman spectroscopy.

By adjusting well depths, we achieved tunable
and distinctive PL intensities specific to the
thickness of the underlying substrate. Raman
signals were also scrutinized, revealing
negligible oscillatory behaviors. Furthermore,
the lateral sizes of monolayer MoS; exhibited
changes corresponding to the well depth of the
patterned surfaces. The findings presented in this
study demonstrate the substantial effects of
patterned substrate features on the optical
emission outcoupling of conformally grown
monolayer MoS;.

2. Experimental Section
2.1.Surface patterning

SiO2 surfaces on p-type Si substrates were
patterned through a photolithography process
followed by plasma etching. The Karl Suss
MJB4  mask  aligner  facilitated  the
photolithography, while an inductively coupled
plasma (Advanced Vacuum ICP) system was
utilized for SiO> surface patterning. Initially,
after substrate cleaning, samples were spin-
coated with positive photoresist AZ5214E at
4000 rpm for 40 s and subsequently annealed at
110 °C for 50 s. Following alignment with the
mask, the samples were exposed to UV for 50 s.
UV-exposed areas were then developed using
AZ 351B developer, and residual components
were removed by washing with DI water. A
protective layer was formed by waiting for 10
min at 110 °C. Patterning was achieved through
an ICP etching process under the conditions of 40
sccm CF4 gas flow, 700 mW power, and 100
mTorr pressure. Etching times were setat 5 s, 10
s, and 20 s to achieve SiO- layer thicknesses of
285 nm (15 nm depth), 270 nm (30 nm depth),
and 225 nm (75 nm depth), respectively, at the
valleys.

2.2.Growth precursors and wafers

Sulphur (S) (Sigma-Aldrich 99.98%) and
molybdenum (MoOQ3) (SigmaAldrich 99.995%)
precursors, both in powder form, were employed
in amounts of 300 mg and 0.5 mg, respectively.
Commercially obtained SiO/Si substrates with
lateral dimensions of 2 cm x 2 cm and lamellas
measuring 2 cm x 2 cm x 0.15 mm were used.
Energy dispersive X-ray (EDX) spectroscopy
analysis revealed glass atomic concentrations of
9.42% sodium, 2.45% magnesium, and 2.28%
calcium.

2.3.Crystal growth

A horizontal CVD system, featuring a quartz
tube with a 7 cm diameter, was utilized for the
growth of monolayer MoS; crystals (Figure 1).
The system underwent pre-cleaning by raising
the temperature to 1100 °C (with a rate of
increase of 12 °C/min) under a 500 sccm N3 gas
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flow at atmospheric pressure, followed by a 20-
minute waiting period. Soda-lime glass lamellas
were positioned on the plate inside the system,
with a graphite foil placed between them to
prevent cracking. The SiO2/Si substrates were
located near the lamellas, as depicted in the
figure. Sulphur was placed in a quartz container,
and MoOs3 was positioned on a SiO,/Si substrate.
The distance between MoOs3-S and MoOs-the
beginning point of SiO2/Si substrates were
determined as 4x and Xx, respectively, where X
equals 4 cm. The growth conditions were
maintained at 750 °C (with a rate of increase of
12 °C/min), 5 min duration, 150 sccm carrier gas
flow rate, and 760 Torr pressure.

2.4 .Material characterization

The Witec Alpha 300R p-Raman and p-PL
spectroscopy system, equipped with a Zeiss
objective, was employed for structural and
optical analyses at room temperature. A
continuous-wave laser with a 532 nm
wavelength, 0.5 mW power, 1 s integration time,
and a 300 nm spot size was used. Nanomagnetic
Instruments AFM (tapping mode) was utilized
for examining flake thickness, and 2D material
morphologies were observed using the Nikon
Eclipse LV100NDA microscopy system.

3. Results and Discussions

Figure 1 illustrates a schematic representation of
the glass-assisted CVD MoS: configuration.

N, gas

The growth process was optimized for a three of
which are SiO./Si (with one patterned surface
and two flat surfaces) and the remaining three are
soda-lime glasses. Monolayer MoS; structures
were grown on square-patterned silica surfaces
with varying valley thicknesses, as depicted in
Figure 2(a-c). The surfaces featured square
patterns spaced approximately 20 um apart, with
varying valley SiO> thicknesses (i.e., 285 nm,
270 nm, and 225 nm) serving as the growth
substrates. To enhance the crystal growth rate,
soda-lime glasses with a high sodium
concentration were employed as growth
promoters, aligning with findings from previous
studies [19, 20]. The presence of sodium ions in
the lamellas produces an intermediate product
that is highly volatile compared to the melting
point of MoOs. This, in turn, lowers the growth
temperature, accelerating the MoS; growth
process [18].

The size of the triangular-shaped MoS; flakes
increased proportionally with the rise in valley
thickness, as illustrated from (c) to (a) in Figure
2. While the primary cause for this difference
may be attributed to alterations in the carrier gas
flow pattern, sophisticated simulations are
required to validate this argument. Additionally,
the formation of larger flakes could be traced
back to an elevated growth rate, potentially
influenced by the varying temperature gradients
between the hills and valleys [21].

Figure 1. Schematic representation of the glass-assisted CVVD configuration

In Figure 3(a-c), AFM images and corresponding
thickness profiles of the flakes grown on the
surfaces with three distinct valley thicknesses are
presented. These profiles reveal that the
thickness of the flakes is ~0.7 nm, a value
consistent with literature results for monolayer
MoS; [22]. Moreover, measurements on the
valley pattern regions indicated similar

thicknesses of around 0.7 nm, pointing towards
conformal growth on the studied surfaces. The
heightened surface wettability resulting from
sodium content in the growth process aligns with
the anticipated outcome of conformal growth in
these samples [23]. Particles located at the edge
of the crystal are often responsible for a sharp
peak in the AFM line profiles, which is a
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common phenomenon for CVD-grown MoS;
without H: gas [24, 25]. At the edges of a MoS>
flake, atoms experience a different environment
compared to the interior of the crystal. The

coordination and bonding of atoms at the edge
are altered, resulting in a modified electronic
structure and, consequently, an increase in
thickness at the edge.

Valley thickness: 225 nm

Figure 2. Monolayer MoS; flakes on patterned surfaces with valley thicknesses of (a) 285 nm (15 nm depth),
(b) 270 nm (30 nm depth), and (c) 225 nm (75 nm depth)

(b)

Valley thickness: 285 nm

Thikness (nm)
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Figure 3. AFM images of MoS, materials on patterned surfaces with valley thicknesses of (a) 285 nm,
(b) 270 nm, and (c) 225 nm, accompanied by the corresponding thickness profiles

Monolayer MoS; materials were further
examined through p-PL  and p-Raman
spectroscopy. Figure 4(a-c) present PL intensity
maps obtained with a 532-nm excitation
wavelength from the flakes grown on the patterns
with decreasing valley thicknesses (increasing
well depths). The corresponding optical
microscopy (OM) images of the flakes are inset
in the figures. The PL intensities did not exhibit
a systematic dependence on the hill-valley
thickness distinction, which is not an expected
result considering literature data for similar
materials on flat surfaces [16, 17].

Zhang et al. previously explored the influence of
multilayer film interference on the optical signal

of monolayer MoS, on SiO/Si substrate and
revealed that the proper SiO2 layer thickness is
important to enhance the PL and Raman
intensities [16]. However, contrary to the
presented results here at the 532-nm excitation
wavelength, they observed PL enhancement with
increasing thickness of flat SiO- in the spectral
region we focused on (225 to 285 nm).

Similarly, Lien et al. investigated thickness-
dependent interference effects for single-layer
WSe», revealing that the PL signal exhibited
almost unvarying behavior between 225 and 285
nm thickness of the underlying SiO> layer. This
behaviour was attributed to the outcoupling
mechanism with multiple reflections [17].
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Figure 5 presents separate PL intensity curves
from the valley and hill regions. A systematic and
pronounced enhancement in PL intensities was
observed with decreasing valley thickness.
Conversely, for the hill regions of the samples,

the PL intensity initially increased with
decreasing  valley thickness and then
decreased, despite the hill regions having the
same thicknesses in these samples. The PL peak
positions were determined to be 1.793, 1.818,

(b)

1.10E6 cts

and 1.815 eV for SiO> valley thicknesses of 285
nm, 270 nm, and 225 nm, respectively (Figure
5(a)). Similarly, in the same order, the PL peak
positions were found to be 1.794, 1.819, and
1.817 eV (Figure 5(b)) for SiO: hill regions with
a constant thickness of 300 nm. The
deconvoluted data and peak positions for each PL
curve in Figure 5 are also presented in the
supplementary file (Figure S1).

2.07E6 cts

3.03E6 cts

1.01E6 cts

Figure 4. PL intensity maps of single-layer flakes on patterned surfaces with valley thicknesses of (a) 285
nm, (b) 270 nm, and (c) 225 nm. The insets show OM images of the flakes

In related literature, Wang et al. explored 2D
materials on zero and non-zero Gaussian
structures, such as trench and donut-like
geometries [26]. They noted significant PL peak
intensity changes between the valley and hill
areas on both zero and non-zero Gaussian
structures, attributing these variations to
thickness-dependent interference. While over
non-zero Gaussian regions, 2D materials grew
under strain, resulting in a significant redshift at
the PL peak wavelength, only minor meV shifts
were observed in the PLs of our study obtained
from the valley-hill regions of each sample.

Though exciton funneling effects were not
expected to be evident in this study, strain-
induced exciton funneling still might be the
underlying mechanism for these nonuniform PL
variations, yet there need to be more
investigation including high resolution data on
these findings especially from the vicinity of the
pattern edges. Additionally, the location of the
flakes on the patterns and the carrier gas flow
pattern, as noted earlier for size distribution

variations, should be subjects of continued
investigation for a more comprehensive
understanding of these interesting optical results.

Raman spectral peaks corresponding to the Elyg
in-plane and Aly out-of-plane modes at valley
points were observed at around 384 and 404 cm’
1381 and 400 cm™, 383 and 402 cm™ for SiO;
valley thicknesses of 285 nm, 270 nm, and 225
nm, respectively (Figure 6(a)). The change in the
Raman modes, measured as A=19-20 cm?,
indicated the growth of monolayer MoS; on the
studied patterned surfaces [27]. Similarly,
Raman peaks at hill points were obtained at
around 383 and 402 cm™, 382 and 402 cm™ 383
and 402 cm™ for SiO, valley thicknesses of 285
nm, 270 nm, and 225 nm, respectively (Figure
6(b)). The mode difference was measured as
A=19-20 cm™?, indicating monolayer growth of
MoS,. The Raman peak intensities remained
approximately constant without a systematic
variation particularly at the hill points.
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Figure 5. PL spectra from both the (a) valley and (b) hill regions of the samples with varying SiO; layer
thicknesses at valleys. The hills correspond to 300 nm thick SiO2 layer on Si for all the samples

Notably, there was no considerable spectral
difference observed between the valley and hill
regions with changes in underlying SiO:
thickness. The 2LA mode observed at around
450 cm ! in the second-order Raman resonance,
which involves longitudinal acoustic phonons, is
attributed to the in-plane collective motions of
atoms within the MoS; lattice [28]. The absence
of additional Raman peaks suggests that glass
components are not responsible for the varying
intensity of PLs. As the study's parameters were
consistently maintained, any potential doping
effect is anticipated to be uniform across both
hills and valleys. On the other hand, Zhang et al.
reported enhanced modes of monolayer MoS;
Raman signal from 225 nm to both 270 nm and
285 nm thicknesses of flat SiO2 capping layers
[16]. In addition, Lien et al. observed oscillatory
behaviour in the Raman signal of single-layer
WSe> between 225 and 285 nm thicknesses of
underlying SiOg, attributed to multiple-reflection
light outcoupling [17]. The optical signals of
monolayer MoS; on the patterned surfaces in this
study displayed distinct variation profiles with
underlying SiO thickness, contrary to literature
values that typically use flat surfaces. These
results suggest characteristic features specific to
the studied patterned platform for monolayer
MoS..
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Figure 6. Raman spectra from both the (a) valley
and (b) hill regions of the samples with varying SiO-
layer thicknesses at valley

4. Conclusions and Discussion

In conclusion, this study demonstrates that the
optical signals of single-layer MoS2, grown
conformally on square-patterned surfaces via
glass-assisted CVD, exhibit distinct
characteristics compared to those on flat
platforms. Specifically, in samples with valley
thicknesses of 285 nm and 270 nm, the PL
intensity in square hills appeared higher than in
valleys, whereas the opposite result was obtained
in structures with a valley thickness of 225 nm.

349



Sakarya University Journal of Science, 28(2) 2024, 349-352

Furthermore, the PL from the valley points
enhanced as the valley thickness decreased from
285 nm to 225 nm, while the PL intensity initially
increased for the hill regions with decreasing
valley thickness and then diminished, despite the
hill regions having a constant thickness of 300
nm. The oscillations in PL might be attributed to
potential mechanisms, including thickness-
dependent interference and strain-related exciton
funneling effects.

Notably, the Raman signals of the samples did
not exhibit a systematic behaviour at the hill
points. Additionally, the lateral dimensions of the
monolayer MoS, flakes showed varying
behavior on the patterned surfaces with changes
in well depth. This variability is likely a result of
alterations in the carrier gas flow pattern and
varying temperature gradients between the hills
and valleys. These findings may pave the way for
novel strategies in the effective integration of 2D
TMDs into nanoelectronic and optoelectronic
devices. Consequently, follow-up studies are of
high significance to reveal the underlying
mechanisms of the results presented in this study.
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