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Abstract
In this study, we investigate the real-time evolution of photoluminescence (PL) inMoS2 samples
modifiedwith L63MSmolecules during controlled thermal treatment, unveiling a unique laser-
inducedmolecular agglomeration process. By integrating a heater into ourmicroscopy setup, we
monitored in situ changes and discovered that between 120 °Cand 180 °C, focused laser irradiation
induces the formation ofmolecular agglomerates with heights ranging from5 to 20 nm (as confirmed
by atomic forcemicroscopy (AFM)). Notably, after subsequent heating to 320 °C,while non-
agglomeratedmolecules desorb, these agglomerates remain stable. Raman spectroscopy reveals that
theMoS2 lattice beneath the agglomerates experiencesminimal phononmode shifts—demonstrating
a protective effect—and PLmeasurements show a redshift in the excitonA peak due to localized strain
and charge transfer effects. In contrast to previous studies on the real-time PL evolution ofMoS2, our
work uniquely demonstrates that controlled agglomerate formation via laser exposure not only
modulates optical properties but also provides a pathway for localized functionalization ofMoS2,
opening new avenues for optoelectronic device engineering.

1. Introduction

Two-dimensional (2D)materials, exemplified by graphene and transitionmetal dichalcogenides (TMDCs) like
molybdenumdisulfide (MoS2), have gained substantial attention due to their atomic-scale thickness, large
surface area, and unique properties [1–4]. These characteristics enable applications in electronics, photonics,
catalysis, and energy storage [5–7]. Among thesematerials,monolayerMoS2 is particularly notable for its
transition to a direct band gap semiconductor,mechanical flexibility, and piezoelectric properties,making it a
versatile candidate for optoelectronic and sensing technologies [8–11].

Despite these promising attributes, the practical deployment ofMoS2 and other 2Dmaterials is constrained
by their sensitivity to environmental and processing conditions. Their high surface-to-volume ratio and atomic
thicknessmake themprone to defects, degradation, and instability, which can impair device performance
[12–14]. To address these challenges, surfacemodification using organicmolecules has emerged as an effective
approach to tailormaterial properties, improve stability, and introduce new functionalities without significantly
altering their structural integrity [15–18].

In contrast to previous studies that have focused on the real-time evolution of photoluminescence (PL)
spectra in pristineMoS2 [19, 20], ourwork presented here uniquely investigates the dynamic behavior ofMoS2
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modifiedwith organicmolecules. By combining controlled thermal treatmentwith localized laser irradiation,
we observe the in situ formation ofmolecular agglomerates that not onlymodulate the photoluminescence—
evidenced by increased PL intensity and a redshift of the excitonA peak—but also serve as protective layers that
mitigate thermal strain on theMoS2 lattice. This dual functionality, involving both tunable optical properties
and enhanced structural stability, opens new avenues for locally targeted functionalization and the design of
robust optoelectronic devices.

In our previous work, we demonstrated themodification ofMoS2 using the organicmolecule 6-
(4,5-dihydro-1H-imidazol-3-ium-2-yl)-2-(naphthalene-2-yl)benzothiazolemethanesulfonate (L63MS)
through a simple drop-castingmethod [21]. This approach allowed propertymodulationwith enhanced
stability under ambient conditions. Themolecule used is synthesized via a green protocol andwater-soluble,
which simplifies the dispersion and surface interaction processes, thereby providing an efficient,
environmentally friendlymodificationmethod. ThemodifiedMoS2 samples demonstrated long-term stability,
preserving their electronic and optical characteristics under typical environmental exposure. In addition,
reversible effects were observedwhen heating the system above 320 °C,with the desorption of themolecular
layer and restoration of the initial optical properties [22]. This thermal reversibility highlights the potential for
controlled on-demand tuning ofmaterial characteristics.

Although our previous studies have established the behavior ofMoS2modifiedwith L63MS at room
temperature and after thermal treatment above 320 °C, the dynamics of the systemduring the heating process
itself remained unexplored. Key questions includewhether themolecules desorb gradually across a range of
temperatures or undergo amore abrupt change at specific thresholds, andwhether these transitions impact the
material’s properties. Such in situ insights are important for understanding the intermediate states of the system,
which could reveal transientmolecular rearrangements or interactions that are not apparent in post-heat
treatment analyses.

To address this gap, we aimed tomonitor the L63MS/MoS2 system in real time during heating using laser-
based techniques such as PL andRaman spectroscopy. Although thesemethods are nondestructive, they
introduce localized heating and laser irradiation, which can influence thematerial while enabling its
characterization. Unexpectedly, we observed the formation of stablemolecular agglomerates at the laser focal
points during heating, an outcome not anticipated based on prior room-temperature or post-heating studies.

This phenomenon highlights the complex interplay between heating, laser exposure, andmolecular
modifications onMoS2. Thesefindings offer new insights into the thermal and optical responses of the
L63MS/MoS2 system and suggest potential for controlled patterning or functionalization, although through
mechanisms that warrant further investigation.

2.Materials andmethods

To investigate the effects of simultaneous laser irradiation and heating onMoS2modifiedwith the organic
molecule L63MS, various characterization techniqueswere employed to analyzemorphological and optical
changes in thematerial, including atomic forcemicroscopy (AFM), Raman and PL spectroscopy, and optical
microscopy. Below,we detail the synthesis of thematerials, sample preparation procedures, and themethods
used for characterization and data analysis.

2.1. Synthesis ofMoS2 andL63MS
MonolayerMoS2was synthesized on a SiO2/Si substrate using a chemical vapor deposition (CVD) process,
following established protocols described in our previouswork [21, 23]. TheCVDprocess resulted in the
formation of triangularMoS2 flakeswith sizes ranging fromapproximately 10μmto 150μm.Detailed
characterization in our earlier study [21] confirmed themonolayer nature of these samples, with a typical
thickness of≈0.7 nm asmeasured byAFMand corroborated by the direct bandgapmeasurements fromPL and
the characteristic Ramanmode separation between E g2

1 andA1g. The substrate consists of a siliconwafer with a
thermally grown SiO2 layer of about 300 nm thickness.

The organicmolecule L63MSwas synthesized using a previously reportedmethod involving the Pinner
reaction and subsequent condensationwith aryl carboxylic acids [24–26]. Themolecular structure of L63MS is
shown infigure 1. Thismolecule was chosen due to its water solubility and potential interactionswithMoS2
through non-covalent π−π stacking and charge transfer, whichmay cause structural and electronic changes of
MoS2 layer that will be possibly observed in PL andRaman spectra. Additionally, they could provide a protective
layer, improving thematerial’s stability against humidity-induced environmental degradation. Furthermore,
thismolecularmodificationmay enhance the photostability and charge transport ofMoS2, which are important
for future electronic applications.
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2.2.MoS2modificationwith L63MS
MoS2 samples were prepared formodification byfirst cleaning themwith isopropanol to remove any surface
contaminants. A stock solution of L63MSwas prepared by dissolving themolecule in distilledwater to a
concentration of 10−2 M. This stock solutionwas then dilutedwith analytical-grade isopropanol to achieve a
final concentration of 10−4 M.

A volume of 2.5μL of the L63MS solutionwas drop-cast onto theMoS2 samples under ambient conditions.
The samples were then allowed to dry at room temperature as the solvent evaporated, resulting in the adsorption
of L63MSmolecules onto theMoS2 surface.

2.3. Computational analysis
Weperformed a computational analysis in order to determine how the single L63MS cation adsorbs on the
MoS2 surface (figure 1). Geometry optimization of the lone L63MS cation and the L63MS cation on theMoS2
surfacewas donewith the semi-empirical quantummechanical GFN1-xTBmethod [27, 28] using the xtb
version 6.7 implemented in theOrca 6.0 programpackage [29–31]. The 10× 10 surface cut-out was constructed
from the crystal structure of the 2H-MoS2 phase [32] and the coordinates of theMoS2 surface were kept frozen
during the optimization. For our analysis, we first optimized the lone L63MS cation for comparison purposes
using theGFN1-xTBmethod and the obtained geometry is expectedly planar (figure 1, panel b) due to electron
density delocalization along themolecular scaffold. Next we placed one L63MS cation on a pristine surface cut-
out taken from the 2H-MoS2 phase crystal structure and optimized its on-surface geometry using the same
method. From the resulting adsorbed structure it can be observed that no significant deviation frommolecular
planarity occurs and the centralmolecular plane lies practically parallel to the xy plane of theMoS2 surface
(figure 1, panel c and d). The closest points of contact between the surface and the adsorbedmolecule are realized
through the twoC–Hmoieties on the imidazoline ring. Thisfinding suggests that neither the positively charged
imidazoline group nor the sulfur atom contained in the benzothiazole ring have sufficient strength to cause the
adsorbedmolecule to slant at an angle with respect to the surface. Note, however, that an existence of intrinsic S
vacancies and other surface defects of theMoS2 sample probably leads to additional interactions with the
molecule. Additionally, the on-surface presence of the tetrahedralmesylate (CH3SO3–) counterion during
adsorption likely hinders somewhat the ordered stacking of the planar L63MS cation along the z axis.

Figure 1. (a)Chemical structure of the L63MSmolecule [21]. (b)Optimized geometry of the lone L63MS cation, and optimized
geometry of the L63MS cation onMoS2 post adsorption, top (c) and side view (d).
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2.4. Characterization techniques andmeasurement process
2.4.1. Atomic forcemicroscopy (AFM)
AFMmeasurements were performed using a commercial AFM system (NanoWizard 4Ultra Speed, JPK
Instruments) operating in tappingmode. Silicon cantilevers with a nominal tip radius of 10 nm (TAP300Al-G,
Budget Sensors), a nominal spring constant of 40Nm−1 and a resonant frequency of 300 kHzwere used. The
scan ratewas set to 1 Hz. AFMwas used to obtain high-resolution topographical images of theMoS2 topography
before and aftermodification. The topographywas investigated on both samples before heat treatment and after
cooling to room temperature. Surface roughness and agglomerate size were analyzed from theAFM images.
AFMcharacterizationwas not performed at intermediate temperatures due to the technical limitations of AFM
inmeasuring surfaces undergoing rapid thickness variations caused by temperature oscillations.

2.4.2. Photoluminescence (PL) andRaman spectroscopy
PL andRaman spectra were acquired using a commercial Ramanmicroscope (LabRAMHREvolution,
HORIBA) equippedwith a 532 nmexcitation laser. The laser was focused using a 100× objective, yielding a
nominal focal spot of approximately 1.2μm in diameter—consistent with the lateral dimensions of the laser-
induced agglomerates observed in our study. The laser power at the samplewasmaintained at 60μW
throughout themeasurements.We performed preliminary power-dependent experiments to verify that this
power level is well below the damage threshold for both pristine and L63MS-modifiedMoS2 samples; no
irreversible damagewas observed at or below 60μW,with damage occurring only at substantially higher power
levels in accordwith [33].

PL spectroscopywas utilized to study the electronic and optical properties ofMoS2, particularly focusing on
excitonic transitions. Due to experimental constraints, wewere unable tomeasure Raman spectra alongside PL
at each temperature. Changing the grating to switch fromPL toRamanmeasurements and additional time for
the Ramanmeasurementwould have required the sample to remain at each temperature for an additional 4–5
min, which could have affected the sample’s stability and the accuracy of the temperature-dependent
measurements. Due to this restriction, wemeasured Raman only before and after the heating treatment at room
temperature.

2.4.3. Optical microscopy
Optical images of the samples were captured using ametallurgicalmicroscope (DM2700, LeicaMicrosystems)
underwhite light illumination.Opticalmicroscopywas used to observe themorphology ofMoS2 flakes and to
identify regions of interest for further analysis.

2.4.4. Heating setup
A customheating stage was integrated into themicroscope setup to enable simultaneous heating and optical
measurements. The stage consisted of a ceramic resistive heater and a thermistor element, both connected to a
PID temperature controller and embedded in an aluminumblock tomaintain uniform temperature. The
samplewafer was placed on top of themetallic block, next to an additional thermocouple used tomonitor the
actual temperature. This temperature control allowed an approximate relative accuracy of 1%at 300 °C. The
setup permitted in situmeasurements of the samples as theywere heated. Each temperature change required
around 10 s of waiting time to allow the heater and sample to reach thermal equilibrium. This waiting period is
necessary to compensate for thermal expansion of the heating apparatus and the sample, ensuring that the
system remains in focus duringmeasurements.

2.4.5. Experimental procedure
The experimental procedure involved several stages: Baseline Characterization: The as-grownMoS2 samples
were characterized usingAFM,Raman spectroscopy, PL spectroscopy, and opticalmicroscopy to establish
baseline properties.

Modificationwith L63MS: The samples weremodified by drop-casting the L63MS solution as described
above. After drying, the samples were characterized again to assess the effects of themolecularmodification.
More detailed results can be found in our previous work [21, 22].

Heating and Laser Exposure: Themodified samples were placed on the heating stage, and the temperature
was increased, starting at 20 °Cand ending at 200 °C,with 20 °C increments. PL spectra were recorded in real-
time during heating tomonitor changes in the optical properties.

Post-Treatment Characterization: After heating and laser exposure, the samples were characterized again
usingAFM, PL andRaman spectroscopy, and opticalmicroscopy to assess themorphological and optical
changes resulting from the treatment.
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2.5.Data analysis
AFM images were processed and analyzed usingGwyddion software [34]. Surface roughness parameters and
agglomerate size were extracted from the images. PL spectra were analyzed using customPython scripts. Spectra
were baseline-corrected, and peakswere fitted using Lorentzian functions to extract peak positions, intensities,
and their ratios.

3. Results

3.1.Optical observations ofmolecular agglomerate formation
Upon heating L63MS-modifiedMoS2 to elevated temperatures (120 °C–180 °C), we observe distinct optical
changes when comparing samples exposed only to heatingwith those additionally subjected to localized laser
irradiation. In regions that experienced both heating and laser exposure,molecular agglomerates form at the
laser focal spots. These agglomerates are visible as bright blue-tinted features under an opticalmicroscope,
distinguishing them from areas that underwent heating alone. This phenomenon is illustrated infigure 2, where
panel (a)highlights a bright blue spot localized on the laser-irradiated corner of theMoS2 triangle, and panel (b)
provides amagnified view, revealing the agglomerates formed after 60 s of laser exposure at 60μWand 532 nm.

These observations indicate that, while heating alone does not produce visible surfacemodifications, the
combination of heat and focused laser irradiation appears to induce localized changes on the surface, potentially
throughmolecular clustering. This hypothesis is supported by the pronounced change in optical contrast
observed at specific sites. The results suggest that the formation of agglomerates could be spatially and
temporally controlled by adjusting the exposure time and laser parameters, although further studies are required
to confirm the underlyingmechanisms.

3.2. AFMcharacterization of agglomerates and their stability
AFMmeasurements reveal distinct topographical elevations at the locations of bright optical features,
supporting the hypothesis of agglomerate formation. Before laser exposure, the L63MS-modifiedMoS2 surface
exhibits a relatively low roughness of (0.87± 0.04) nm.After laser irradiation of 10 s at 120 °C, the surface
roughness increases significantly in regions containing agglomerates, reaching (2.75± 0.30) nm. Figure 3
illustrates thesefindings, with panel (a) showingmultiple agglomerates protruding from the surface and panel
(b) providing cross-sectional profiles that reveal agglomerate heights of approximately 7 nmafter 5 s of laser
exposure and 17 nmafter 10 s. These results demonstrate that the formation and growth ofmolecular aggregates
can be precisely controlled by adjusting laser exposure time.

In addition to controlling the height and growth rate of individual agglomerates through laser exposure
parameters, the formation ofmultiple, spatially separated agglomerates demonstrates the ability to define their
placement on the surface. Each newly formed agglomerate appears within the localized region of the laser spot,
allowing selective patterning across theMoS2 surface.Moreover, while the heights of the agglomerates varywith
exposure time, their lateral dimensions remain relatively stable under these conditions. The agglomerates
consistentlymeasurewidths around (1.2± 0.2) μm,which alignswell with the nominal laser spot size of the

Figure 2.Opticalmicroscopy images of the L63MS-modifiedMoS2/SiO2 surface after completing the array ofmeasurements at
different temperatures (20 °C to 200 °C) and subsequent laser exposure. (a)Abroader view of the surface showing a newly formed
agglomerate as a bright blue spot in the laser-irradiated corner of theMoS2 triangle. (b)Amagnified view of the same region after a
total of 60 s of laser exposure at 60 μWand 532 nm, illustrating the localized formation of an agglomerate that alters the optical
response.
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commercial Ramanmicroscope, equippedwith a 100× objective. This correspondence supports the
interpretation that the lateral extent of the agglomerates is largely determined by the focused laser beam,
enabling controlled localized fabrication of stablemolecular features on theMoS2 surface.

Subsequent heating to 320 °Ccauses non-agglomerated L63MSmolecules to desorb from theMoS2 surface,
leaving it nearly pristine [22]. However, agglomerates formed by prior laser exposure remain stable even at these
elevated temperatures. AFMmeasurements after heating to 320 °C (figure 4) show that the agglomerates persist,
maintaining elevated roughness values of (2.76± 0.30) nmcompared to (0.32± 0.06) nm in non-agglomerated
regions. This stability suggests that aggregatedmolecular structures act as robust protective layers on theMoS2
surface.

3.3. Temperature-dependent PL andRaman spectroscopy
Having established themorphological changes induced by heating and laser exposure, we now examine their
impact on the optoelectronic properties ofMoS2 and their evolution. Figure 5 shows the evolution and the
increase of the agglomerates with increased temperatures.

Figure 3.AFManalysis ofMoS2/SiO2modifiedwith L63MSmolecules after laser exposure at 120 °C. (a)Topography of the surface,
showing the presence ofmolecular agglomerates in the laser-irradiated region. (b)Cross-sectional profiles at exposure times
of 5 s (green line) and 10 s (purple line) reveal agglomerate heights of approximately 7 nmand 17 nm, respectively. The surface
roughness increases from (0.87± 0.04) nm in non-exposed regions to (2.75± 0.30) nm in exposed areas, supporting the hypothesis
of the direct influence of laser parameters on agglomeration.

Figure 4.AFMmeasurements ofMoS2/SiO2modifiedwith L63MSmolecules after heating to 320 °C. (a) Surfacemorphology
highlighting stable agglomerates in laser-exposed regions. (b)Cross-sectional height profile along the indicated line, showing
significant roughness in agglomerated areas ((2.76± 0.30) nm) compared to non-agglomerated regions ((0.32± 0.06) nm). These
stable agglomerates remain on the surface despite the high-temperature desorption of non-aggregatedmolecules.
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Figure 6 presents the temperature-dependent PL spectra for pristineMoS2 (panels a-d) and L63MS-
modifiedMoS2 (panels e-h). The temperature-dependent behavior of pristineMoS2, including the decrease in
PL intensity, broadening of excitonic peaks, as well as redshift of the A andB excitonic peaks, is documented in
previous studies. These effects have been attributed to enhanced non radiative recombination processes and
exciton-phonon interactions at elevated temperatures [19, 35, 36]. As shown in panels (b-d), this characteristic
behavior is observed in ourmeasurements aswell. TheA/B intensity ratio and excitonA and exciton B positions
as a function of temperature are summarized in panel (d), further corroborating the temperature-dependent
trends reported in earlier research.

The room-temperature total PL intensity of the L63MS-modifiedMoS2 is higher than at elevated
temperatures (6.f). A broad PL feature emerges at elevated temperatures (120 °C–180 °C) instead of

Figure 5.Opticalmicroscopy images showing the temperature-dependent evolution of laser-inducedmolecular agglomerates on the
MoS2/SiO2 surface. Imageswere taken after sequential heating and laser exposure at each temperature. A progressive increase in
agglomerate size and optical contrast is observed as the temperature rises from (a) 80 °C to (d) 200 °C,with the agglomerate appearing
as an increasingly bright blue region centered on the laser spot.

Figure 6.Temperature-dependent PL spectra of (a)–(d) pristineMoS2 and (e)–(h) L63MS-modifiedMoS2. Panels (a) and (e) show
log-scale PL spectra from20 to 200 °C. Panels (b) and (f) showPL at 20 °CwithfittedA (in blue) andB (in green) peaks, alongwith a
weak third peak in themodified sample. Panels (c) and (g) showPL at 200 °C,where peaks in pristineMoS2 broaden andweaken,
while themodified sample exhibits a dominant third peak and broad PL features. Panels (d) and (h) summarize excitonA andB
positions andA/B intensity ratio, highlighting distinct temperature-dependent behavior caused bymolecularmodifications,
consistent with agglomerate formation.
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diminishing, consistent with the optical andAFMobservations of surface agglomerate formation (6.(e,g)). This
broad feature is accompanied by the pronounced third peak at 200 °C (6.g), which becomes significantlymore
intense compared to room temperature.

In addition to in situPLmeasurement, wemeasured PL andRaman spectra before and after heating
(figure 7) to evaluate the effects of agglomerate formation.

In pristineMoS2, the Ramanmodes (the in-plane E g2
1 and the out-of-plane A1g) show slight changes after

heating and cooling, indicating subtle effects of thermal treatment on the crystal lattice. TheA1gmode shifts
slightly from (385.01 ± 0.02) cm−1 to (385.07 ± 0.04) cm−1, while the E g2

1 mode shifts from
(403.99 ± 0.03) cm−1 to (404.22 ± 0.06) cm−1. Additionally, thewidths of both peaks increase, with the A1g

mode broadening from (1.03 ± 0.03) cm−1 to (1.38 ± 0.06) cm−1, and the E g2
1 mode broadening from

(2.59 ± 0.04) cm−1 to (3.22 ± 0.09) cm−1.
The observed broadening of Raman peaks is likely due to residual strain or subtle lattice distortions

introduced during the heating and cooling cycle, as well as potential changes in phonon lifetimes. Strain can
induce shifts in the frequencies of Raman-activemodes, as demonstrated in studies where uniaxial strain applied
tomonolayerMoS2 resulted in observable band shifts of the E g2

1 andA1gmodes [37].Moreover, temperature-
dependent studies have shown that anharmonic effects lead to phonon softening and broadening, with phonon-
phonon interactions playing a significant role in the temperature dependence of both the frequency andwidth of
Ramanmodes [38].

For the L63MS-modified sample, the Raman spectra after cooling show smaller changes compared to the
pristine sample. TheA1gmode shifts slightly from (383.22 ± 0.03) cm−1 to (383.09 ± 0.04) cm−1, while the
E g2

1 mode shifts from (403.89 ± 0.04) cm−1 to (404.17 ± 0.04) cm−1. Importantly, the peakwidths remain
unchanged, with the A1gmode showing no broadening from (1.27 ± 0.04) cm−1 to (1.26 ± 0.05) cm−1, and
the E g2

1 mode narrowing slightly but insignificantly from (2.75 ± 0.05) cm−1 to (2.63 ± 0.06) cm−1. The
reduced broadening in themodified sample indicates that the presence of L63MSmoleculesmitigates strain and
protects the underlyingMoS2 lattice during the thermal cycle.

The differences in peak broadening between pristine andmodifiedMoS2 suggest thatmolecular
agglomerates act as protective layers, reducing residual strain and shielding theMoS2 lattice from thermal stress
during heating and cooling.

After thermal treatment and subsequent cooling, PLmeasurements of the pristineMoS2 sample shows
notable changes in the position and relative intensity of its excitonic peaks. TheA exciton peak shifts from
(680.45 ± 0.02) nm to (681.16 ± 0.02) nm,while the B exciton shifts slightly from (623.97 ± 0.08) nm to
(622.78 ± 0.08) nm. These shifts suggest subtlemodifications to the electronic band structure, potentially due
to residual strain or defect formation during the thermal cycle. The linewidth of the peaks remain nearly
unchanged, with the A exciton narrowing slightly from (20.72 ± 0.04) nm to (20.43 ± 0.04) nm,while the B
exciton remains consistent around (33.33 ± 0.19) nm.

The L63MS-modifiedMoS2 sample exhibits significant changes in its PL characteristics, dominated by the
molecular signatures of agglomerates formed during prolonged exposure. TheA exciton peak shifts slightly
from (693.38 ± 0.03) nm to (693.74 ± 0.65) nm, and the B exciton shifts from (629.08 ± 0.19) nm to

Figure 7.PL andRamanmeasurements of pristineMoS2 (a), (c) and L63MS-modifiedMoS2 (b), (d) before heating and after heating
and subsequent cooling. For pristineMoS2 (a), (c), both the PL andRaman spectra showminimal changes after the thermal cycle. The
A1g and E g2

1 Ramanmodes exhibit slight broadening and shifts, consistent withminor lattice distortions and residual strain. In
L63MS-modifiedMoS2 (b), (d), the PL signal after cooling (b) is dominated by a broad emission attributed tomolecular
agglomeration. The Raman spectra (d) show smaller changes in peak positions andwidths compared to the pristine sample, indicating
that the L63MSmoleculesmitigate strain and preserve the underlyingMoS2 lattice during the thermal cycle.
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(631.43 ± 7.51) nm.However, these shifts are challenging to assess due to the overwhelming increase in
molecular emission, as reflected by the sharp rise in intensity. Themolecular signature, represented by the broad
agglomerate-associated peak, increases dramatically in intensity from (117.61 ± 1.84) to (6330.95 ± 471.14),
with a corresponding linewidth broadening from (71.22 ± 2.85) nm to (56.69 ± 0.89) nm.

This substantial increase inmolecular emission dominates the PL spectra, obscuring the relative intensity
and precise positions of theMoS2 excitonic peaks. TheA/B intensity ratio becomes difficult to quantify
accurately, as themolecular signal overshadows theMoS2 contributions. These results confirm that prolonged
exposure leads to significantmolecular agglomeration on the surface, altering the optoelectronic behavior of the
modified system andmasking the underlyingMoS2 exciton dynamics.

Finally, additional PLmeasurements taken after heating to 320 °C (figure 8) provide insight into the long-
term influence of these agglomerates on theMoS2 optoelectronic properties. This experiment was performed on
a different sample, where the surface was exposed to laser irradiation for 30 s at 120 °Cbefore being heated to
320 °C to remove non-agglomeratedmolecules. In regionswhere no agglomerates formed, the desorption of
L63MSmolecules at high temperature eliminatedmolecular-induced spectral changes, returning to the values
close to those of pristineMoS2. This behavior confirms that, without agglomeration, themolecular
modifications are neither permanent nor stable under such thermal stress, emphasizing the transient nature of
themolecule-substrate interaction in the absence of agglomerate formation. Additional temperature-dependent
Raman and PLmeasurements in our previouswork [22] confirm that heating the sample to 320 °C effectively
desorbs non-agglomerated L63MSmolecules. Following the heating process, the characteristic Raman peaks
remain unchanged and the excitonA peak shifts from approximately 678 nm to 667 nm, closelymatching the
emission properties of untreatedMoS2. Despite some residuals observed byAFM, the optical signatures indicate
that the overallMoS2 lattice returns to an almost pristine state.

The observed redshift of the excitonA peak in the center of the agglomerate,moving from
(672.65 ± 0.02) nmat the edge to (676.56 ± 0.04) nmat the center, can be explained by several factors. One
plausible explanation is the presence of strain induced by themolecular agglomeration. Agglomerates can exert
localizedmechanical strain on theMoS2 lattice, altering its electronic band structure and leading to the observed
redshift of the excitonic features. Strain has been shown tomodulate the bandgap ofMoS2, shifting excitonic
peaks depending on the type andmagnitude of the strain [39, 40].

The decrease in the A/B intensity ratio, from approximately 3.04 at the edge to 2.53 at the center, suggests a
relative reduction in the intensity of theA exciton compared to the B exciton. This could be due to themolecular
agglomerates preferentially interactingwith the A exciton, causing localized quenching or introducing non-
radiative recombination pathways. TheA exciton, being closer to the conduction band edge,may bemore
sensitive to perturbations in the dielectric environment or local energy transfer processes introduced by the
molecular agglomerates.

In contrast, the B exciton, originating from transitions involving deeper valence bands,may be less affected
by these interactions, thusmaintaining a relatively higher intensity at the center. Additionally, energy transfer or

Figure 8.Optical and PL analysis ofMoS2/SiO2 after thermal treatment at 320 °C. (a)Opticalmicroscopy image showing the laser-
irradiated region and the color-codedmeasurement path across both agglomerated and non-agglomerated areas. (b)PL spectra
recorded along the path reveal a gradual redshift of the excitonic peaks and the emergence ofmolecular emission as the agglomerate
center is approached. (c) Fitted PL spectra at two representative positions—far from the agglomerate (top) and at its center (bottom)
—demonstrating a clear redshift and enhancedmolecular emission at the agglomerate site. (d)Extracted excitonA andBpeak
positions along the path, alongwith the correspondingA/B intensity ratio, showing a spatial gradient in optoelectronic properties
driven by localized strain and increasedmolecular density at the agglomerate center.
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exciton-exciton interactions within the high-densitymolecular region could preferentially impact theA exciton,
further contributing to the decrease in the A/B ratio.

The redshift of the excitonA peak and the decrease in theA/B intensity ratio at the center of the agglomerate
likely result from a combination of localized strain effects, enhancedmolecular interactions, and differential
sensitivity of A andB excitons to their immediate environment.

Infigures 6–8, the PL spectra of our samples reveal several key features. The dominant excitonic peaks
correspond to the A andB excitons ofMoS2, which arewell-known to arise fromdirect transitions at theK point,
with the B exciton stemming from the spin–orbit splitting of the valence band. In the L63MS-modified samples,
we additionally observe a broad emission feature that is absent in pristineMoS2. This extra emission can be
attributed to the adsorbedmolecules and the laser-induced agglomerates, which introduce localized states,
modify the dielectric environment, and induce strain. Ramanmeasurements further aid in disentangling these
contributions. The characteristic E g2

1 andA1g phononmodes ofMoS2 remain largely unshifted, indicating that
the fundamental lattice structure ismaintained.However, subtle differences in the intensity ratios andminor
shifts in the excitonic peaks between pristine andmodified samples highlight the influence ofmolecular
adsorption. In particular, the localized strain and charge transfer effects induced by the agglomerates are
responsible for the observed redshift and variation in the A/B intensity ratio.

In summary, thesefindings demonstrate that laser-inducedmolecular agglomerates, formed under
moderate heating, are notmerely a stable surface feature but also function as controllablemodifiers ofMoS2
optical properties. These agglomerates preserve and localizemolecule-induced photoluminescence effects, even
at elevated temperatures, while simultaneously acting as protective layers for the underlyingMoS2 lattice.
Ramanmeasurements confirm that the intrinsic vibrationalmodes ofMoS2 remain largely unaffected, with
minimal peak shifts or broadening, indicating that the agglomerates shield the lattice from strain and
environmental perturbations during thermal treatment. Although the agglomerates do not induce significant
shifts in intrinsic excitonic transitions, theymaintain and spatially localize subtle opticalmodifications
introduced by themolecules. This spatially selective tuning of optoelectronic properties highlights the
agglomerates’ potential as robust, long-lasting platforms formodifyingMoS2 surfaces. By enabling precise
patterning and stability under challenging conditions, this approach opens new avenues for creating tailored
molecular architectures that could serve in optical lithography, tunable photonic elements, or targeted
functionalization in next-generation 2Ddevice applications.

4.Discussion and conclusion

Thefindings presented in this work demonstrate how controlled heating combinedwith localized laser exposure
can induce the formation of stablemolecular agglomerates on L63MS-modifiedMoS2 surfaces.While heating
MoS2 tomoderate temperatures (120 °C–180 °C) does not by itself produce optically discerniblemodifications,
the introduction of focused laser irradiation triggers localized transformations in themolecular layer.

The amphiphilic L63MSmolecules—with their aromatic naphthalene/benzothiazole cores that readilyπ–π
stack—potentially provide the driving force for initial cluster formation [41, 42]. As temperature rises,
molecularmobility increases, lowering diffusion barriers and enabling intermolecular attractions, which favor
cluster growth [43]. Simultaneously, localized laser heating at the focal spot creates steep temperature gradients
that further accelerate surfacemigration and help overcomemolecule–substrate adhesion, yielding stable
agglomerates precisely where irradiation occurs [44, 45]. A key observation is that thesemolecular agglomerates
remain stable even after prolonged heating at elevated temperatures (320 °C), outlasting non-agglomerated
L63MSmolecules that desorb from theMoS2 surface. The robust nature of these structures suggests that the
agglomeration process increases themolecular binding strength and results in structures that aremore resistant
to high-temperature treatment than individual, non-aggregatedmolecules. This stability endows themolecular
agglomerates with potential as protective layers forMoS2,mitigating strain and preserving the underlying lattice
structure during thermal cycling.

AFMmeasurements corroborate the optical data, confirming that the bright optical features arise from
elevated topographical structures. The correlation betweenAFM-derived roughness and optical signatures
indicates that these localizedmolecular assemblies significantly alter the surface properties. Notably, controlling
laser parameters (exposure time, intensity) and sample temperature enables the fine-tuning of agglomerate
dimensions. The lateral size of the agglomerates remains closely alignedwith the laser spot size, underscoring the
capacity for direct and spatially selective patterning.

The implications for optoelectronics are equally noteworthy. Unlike pristineMoS2, which exhibits
characteristic temperature-dependent spectral shifts and a reduction in luminescence intensity at high
temperatures, the L63MS-modified samples display distinctive behaviors due to the presence of thesemolecular
clusters. Themolecular agglomerates give rise to broad PL features and introduce additional emission peaks that
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persist at elevated temperatures. Even after cooling back to room temperature, significant differences remain in
the PL andRaman spectra, indicating that the presence of these agglomerates leads to long-lasting alterations in
the local photonic environment. The agglomerates influence exciton dynamics by shifting excitonic peak
positions and changing exciton intensity ratios—effects that we attribute primarily to localized strain and charge
transfer. Furthermore, in linewith previous studies, we recognize that PL alterations can also arise from factors
such as doping, bandgapmodifications, defect healing, impurities, charge traps, and solvent interactions.
Therefore, the observed PL changes likely result from a complex interplay between these factors and the laser-
induced agglomeration process.

Moreover, thesemolecular agglomerates appear to function as protective and stabilizing agents during
thermal treatment. Ramanmeasurements, which are sensitive to lattice distortions, strain, and curvature-
induced effects, reveal that theMoS2 crystal lattice beneath the agglomerates experiences fewer changes in
phononmodes compared to pristine regions. This reduced broadening of Raman peaks andminimal frequency
shifts not only point to a protective effect but also suggest that the localized increase in surface roughness and
curvature—resulting frommolecular adsorption—may subtly influence the phonon behavior. Similar
curvature-inducedmodifications in vibrational properties have been reported in nanostructuredmaterials [46].
Thus, while the aggregatedmolecules help preserve the intrinsic vibrational characteristics ofMoS2, theymay
also contribute to nuanced changes in phonon dispersion through local curvature effects. Further studies are
warranted to fully disentangle these contributions.

Another thing to note, ourMoS2 samples were grown byCVDon SiO2/Si substrates, which is a system
characterized by the close contact between theMoS2 and SiO2 that ensures uniformmorphology. These
relatively uniform interactions, while not directlymeasured here, are evident from the consistent Raman shifts
and the absence of trapped air bubbles, which are often seen inmechanically exfoliated samples. Even though
SiO2/Si substrates are inherently rough and can induce residual strain, phononmode distortions, and charge
doping effects [47], our AFMand optical data confirm a high-quality, uniformMoS2/substrate interface.
However, while it is important to note that the substrate roughnessmay contribute to the background effects, in
our observations laser-inducedmolecular agglomerates are clearly localized and distinct from these substrate-
induced phenomena. Furthermore, we speculate that the effects we observewould be similar for other growth
substrates with similar roughness (like SiN or sapphire), but different if 2DMoS2would be produced by some
othermethod, for example by exfoliation, butwith respect to how the drop-castingwould influence the sample,
as the interactions betweenMoS2 and the substrate would be different, and depositingmolecules using the same
method could bemore challenging. In the future, we plan to expand our research to study both, other growth
substrates and also to explore the effects on other 2Dmaterials.

Additionally, the thermal behavior of ourMoS2 samples is also influenced by the substrate and any adsorbed
molecules. Althoughwe did not directlymeasure the thermal expansion coefficients in this study, literature
indicates that pristinemonolayerMoS2 typically exhibits a thermal expansion coefficient of approximately
7× 10−6 K−1. The presence of adsorbedmolecules can furthermodify the local thermal expansion and induce
additional strain. These substrate-induced effects, combinedwith the intrinsic properties ofMoS2, contribute to
the overall optoelectronic response andmust be consideredwhen interpreting the results. The 10 swaiting
period employed in our setup ensures that the system reaches a steady thermal state, therebyminimizing
transient thermal effects during opticalmeasurements.

From a technological perspective, the capacity to controllably form and pattern stablemolecular
agglomerates onMoS2 suggests new avenues for nanoscale lithography, localizedmodification, and tunable
optoelectronic device engineering. The ability to create spatially localizedmodifications that remain stable
under challenging conditions provides a powerful tool for tailoring the properties of 2Dmaterials without
degrading their intrinsic qualities. Such stable, patternedmolecular architectures could be leveraged to design
optical elements with controlled emission, serve as protective coatings for electronic or photonic components,
or act as localized chemicalmodification sites for sensors, catalysis, or other device applications.

In conclusion, this study establishes thatmolecular agglomerates formed under combined heating and laser
irradiation onMoS2 surfaces are not only optically and topographically distinct but also structurally robust and
optoelectronically active. These agglomerates protect the underlying lattice, preservemolecule-induced optical
signatures, and impart long-lastingmodifications toMoS2. By enabling precise, localized control overmolecular
clustering, this approach paves theway for patterned, stable, and tunable functionalization of 2Dmaterials.
Moreover, while this study focused on only onemolecular species, similar organicmolecules with comparable
binding propertiesmight exhibit analogous behavior, for which further experiments are required to generalize
the phenomenon.While laser-inducedmolecular agglomeration onMoS2 remains an emerging area with
limited direct comparisons, ourfindings alignwith prior studies onMoS2modifications. The ability to achieve
controlled, stablemolecular agglomeration opens up exciting possibilities for nanoscale patterning and
lithographic applications onMoS2. Future researchwill aim to elucidate the precisemolecularmechanisms
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underlying agglomeration, explore the influence of differentmolecular species, and leverage thesefindings for
the targeted design of advanced 2Ddevices.
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