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Optimizing Gold-Assisted Exfoliation of Layered Transition
Metal Dichalcogenides with (3-Aminopropyl)triethoxysilane
(APTES): A Promising Approach for Large-Area Monolayers

Nicolo Petrini, Ermes Peci, Nicola Curreli,* Emma Spotorno, Nastaran Kazemi Tofighi,
Michele Magnozzi, Francesco Scotognella,* Francesco Bisio,* and Ilka Kriegel*

Two-dimensional transition metal dichalcogenides (2D TMDCs) have gained
significant attention from the scientific community due to their exceptional
properties. Recently, the metal-assisted exfoliation technique has emerged as
a promising method for producing large-area, high-quality 2D monolayers.
However, achieving strong adhesion between metal foil and substrate during

1. Introduction

Two-dimensional Transition Metal
Dichalcogenides (2D TMDCs) with the
formula MX, (M = Mo, W; X = S, Se)
constitute a class of semiconductors known
for their distinctive electrical and optical

the exfoliation process remains a major challenge, preventing successful
exfoliation. To overcome this issue, this study explores the application of
(3-Aminopropyl)triethoxysilane (APTES) as an adhesion layer to substantially
improve adhesion between the monolayers and hydrophilic substrates such
as SiO,, allowing for a high yield of mm-sized monolayers. Two sample sets,
obtained from the same MoS, crystal via gold-assisted exfoliation with
APTES-treated substrates and from standard scotch tape exfoliation, are
statistically compared. APTES significantly improves exfoliation performance,
yielding larger monolayers compared to conventional methods. This
improvement enables the effective exfoliation with the gold-tape method,
which otherwise results in no yield. Through Raman and photoluminescence
characterization techniques, it is found that the flakes obtained from
gold-assisted exfoliation and APTES are comparable to those obtained by
standard scotch-tape exfoliation in terms of defects and optical properties,
showing signatures of strain-induced Raman shift and n-type doping.

properties. These materials possess a direct
bandgap, robust photoluminescence (PL),
and significant exciton binding energy,
making them promising candidates for a
large plethora of opto-electronic devices.[']
Additionally, the van der Waals (vdW) gaps
between each adjacent layer, coupled with
their surface area, make them highly attrac-
tive for applications in capacitive energy
storage, such as supercapacitors and batter-
ies, as well as in sensing technologies.[>*°]
Consequently, extensive exploration of
these materials has allowed for the inves-
tigation of their fundamental properties
and the unlocking of their potential for
diverse technological applications.[®”] In
this context, a pivotal goal is the success-
ful exfoliation of defectless single-crystal
monolayers from their bulk counterparts.
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Several methods have been developed to achieve this, each pre-
senting its unique set of advantages and challenges.®'!l One
widely employed top-down approach is scotch tape exfoliation,
which relies on the weak vdW interactions between the layers in
the bulk crystal.[®8] However, this method suffers from limita-
tions in terms of low yield, lack of uniformity in size and thick-
ness, and challenges in scalability, making it less suitable for
mass production.['?) On the other hand, chemical vapor depo-
sition (CVD) is a bottom-up technique that employs molecular
precursors to synthesize 2D material networks directly on sub-
strates. CVD offers the advantage of producing large-area mono-
layers with controlled thickness and homogeneity. However, the
process often introduces defects, grain boundaries, and impuri-
ties, potentially affecting the performance of the resulting 2D ma-
terials compared to exfoliated counterparts.[12] Moreover, fabri-
cation of 2D materials via CVD requires precise control over pre-
cursors and deposition conditions for obtaining the desired out-
come in terms of thickness, doping level, and crystalline orienta-
tion, depending also on the target substrate.[>1*] Additionally, the
high furnace temperatures necessary for the CVD process can be
incompatible with silicon-based technology processes.['>"17] This
necessitates a transfer step from the CVD growth substrate to the
intended target substrate.!131]

To address the limitations of conventional exfoliation methods,
recent efforts have focused on the development of metal-assisted
exfoliation techniques.['*?°] The metal-assisted exfoliation tech-
nique relies on the strong affinity between metals and the chalco-
genide atoms in the TMDCs.[?1-23] The process involves detach-
ing TMDCs flakes from the bulk crystal owing to the binding
force between the crystal and the metal surfaces, which surpasses
the interlayer vdW forces. Consequently, this approach enables
the production of large monolayer areas, offering scalability ad-
vantages over conventional scotch tape exfoliation method and
the possibility to compete with CVD methods in terms of obtain-
able monolayer areas.!'*?*] Among the various metals used for
exfoliation, gold emerges as a prominent choice. However, multi-
ple studies in literature have explored the use of additional metals
alongside gold.[21:23:25.26]

The exploration of gold-assisted exfoliation presents promis-
ing opportunities, yet it faces many challenges in achieving an
effective exfoliation process. The first issue revolves around the
requirement for a clean, ultra-flat gold surface. Numerous ap-
proaches have been proposed to tackle this challenge. These
range from from directly depositing the gold onto the bulk
crystal,l?’] to the exfoliation immediately after evaporation of gold
film onto a supporting substrate,[?*?] to the cleaving of a thin
gold layer that has been deposited on silicon ultra-flat wafer in
combination with the support of thermal-release-tape (TRT).[?!
This method ensures a consistently pristine surface in contact
with the silicon wafer, allowing on-demand gold deposition onto
the substrate while mitigating concerns related to aging and ad-
sorbates. Another challenge lies in finding a viable technique to
transfer the 2D flake from the gold layer to the target substrate.
Some approaches employ a polymer-based wet transfer process,
i.e. using PMMA or PDMS,[?*] while others opt for a technique
involving a TRT.[**?% In the latter method, following annealing at
the TRT release temperature, the TRT is expected to detach from
the thin gold film, leaving the gold film and the exfoliated flake
beneath it on the target substrate. However, despite its advantage
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of avoiding direct polymer contact with the exfoliated flake, this
approach presents an inherent challenge. The crucial issue is the
complete and clean detachment of the TRT from the gold film
during the thermal release process without causing damage to
either the film or the exfoliated flake beneath. The TRT release
procedure induces stress between gold and the substrate, poten-
tially leading to gold and 2D material cracking or fragmentation
if the adhesion between the gold foil and substrate is not suf-
ficient. This poses a significant obstacle in achieving a flawless
transfer of the exfoliated material onto the desired substrate. In
our attempts to reproduce the gold-assisted exfoliation technique
(e.g. from ref. [20]), as soon as the TRT reaches the release tem-
perature point, the rapid thermal release process induces wrin-
kling and cracking on the gold surface. This disrupts the intended
adhesion with the target substrate and undermines the integrity
of the encapsulated exfoliated material. Consequently, this issue
prevents the successful transfer of the exfoliated flakes onto the
target substrate. Notably, this critical concern has largely been
overlooked in most methodology descriptions in literature, pos-
ing a practical obstacle to achieving successful transfers and ef-
fective exfoliation. Moreover, the preparation of the target sub-
strate is frequently underemphasized, if not entirely absent, in
much of the available literature.['*20242] The adhesion proper-
ties of the target substrate are critical in both dry/wet transfer
techniques and gold-assisted exfoliation processes. In the former,
proper adhesion between the 2D material and the target substrate
is necessary for effective transfer. For gold-assisted exfoliation,
the significance of adhesion extends to both the bond between
the substrate and the 2D material and importantly, between the
substrate and the gold foil. Insufficient adhesion to the gold foil
can lead to its damage during the TRT release phase, manifesting
as cracks and wrinkles from the stress of TRT glue release. This
damage adversely affects the 2D material beneath the gold foil,
which, being strongly attached via vdW interactions to the gold
layer, also cracks and detaches along with the gold layer. Conse-
quently, ensuring robust adhesion between the gold carrier foil
and the substrate is essential for successful exfoliation. Given the
high sensitivity of 2D TMDCs to substrate characteristics such
as surface roughness,*) trapped charges,3!l adsorbates, 32! and
hydrophobicity,**! establishing a well-defined substrate prepara-
tion protocol in gold-assisted exfoliation becomes of paramount
importance. For all these reasons, in this study, we investigate
the use of (3-Aminopropyl)triethoxysilane (APTES) as an adhe-
sion layer to foster strong binding between the gold thin film and
the substrate.[** By incorporating APTES into the process, we ad-
dress the problem of the adhesion between the gold layer film car-
rying the exfoliated monolayer and the target substrate, thereby
obtaining large 2D MoS, flakes with high yield. APTES also mod-
ifies the surface properties of the target substrate, increasing its
affinity with gold,!*] preventing water penetration during the
subsequent etching and cleaning processes. However, it is impor-
tant to note that organic molecules like APTES can influence the
optoelectronic properties of TMDCs, particularly MoS,, 2! and
thus, its effect needs to be investigated. Notably, we were unable
to obtain useful results by using the gold-exfoliation technique
without adding an APTES layer in the process. Hence, in this
work, we comprehensively compared gold-exfoliated flakes with
APTES substrate functionalization to those obtained through
conventional scotch tape exfoliation. To assess process yield and
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monolayer quality we employed diverse techniques. First, opti-
cal microscopy images allowed for assessing the total yield of the
process in terms of total exfoliated area and flakes dimension,
confirming the superiority of APTES-based gold-exfoliation. Sec-
ondly, micro-ellipsometric images and atomic force microscopy
(AFM) characterization were used to confirm the monolayer na-
ture of the gold-exfoliated flakes. Note that micro-ellipsometry is
more suitable for such large area flakes as it allows for investiga-
tion over a larger area (several millimeters), which is not possi-
ble with AFM (tens of micrometers). Subsequently, Raman and
PL spectroscopy analysis indicated that the APTES layer likely in-
fluences both the stress and the doping of the exfoliated flakes,
determining biaxial residual stress and n-type doping. Eventu-
ally, X-ray photoelectron spectroscopy confirms the presence of
APTES which persists until the end of the exfoliation process.
Our findings demonstrate the efficacy of APTES functionaliza-
tion in the gold-assisted approach, which allows solving the adhe-
sion issue between gold and the target substrate without compro-
mising 2D TMDCs quality in terms of defects and optoelectronic
properties, underlining its potential for producing large-area and
high-quality monolayers.

2. Results and Discussion

We compared two sets of samples obtained from the same MoS,
crystal. The first set comprised flakes obtained via gold-assisted
exfoliation with substrates treated with a few nanometers thin
layer of APTES. These substrates were subsequently used for the
gold-assisted exfoliation process as reported by Liu et al. in ref.
[20]. These samples are referred to as “S,” samples, visually rep-
resented in green in the plots. As the benchmark for optoelec-
tronic and crystalline quality and flake size, we chose traditional
mechanical scotch tape exfoliation method on untreated SiO,/Si
substrates, since we were unable to perform a gold-assisted exfo-
liation without APTES functionalization in useful yield and size.
Such samples are referred to as “Sy” samples, visually repre-
sented in blue in the plots. As mentioned earlier, the selection
of APTES was motivated by the need for reliable adhesion in
the release phase of the TRT adhesive. Without proper adhesion,
the exfoliation process can be irreversibly compromised, lead-
ing to cracks in the gold layer that could damage the underlying
2D material and prevent its bonding with the substrate, hinder-
ing successful exfoliation. APTES was chosen from various self-
assembled monolayers (SAMs) because it is effective in attaching
gold to oxide substrates, as indicated in previous research.[** This
research®* has shown that although thiol groups are recognized
for their strong gold bonding capabilities due to sulfur atoms
(Au-S bonding), APTES provides even stronger adhesion. More-
over, APTES was preferred over thiol-terminated compounds like
(3-mercaptopropyl)methyltrimethoxysilane (MPTES) because its
precursor is commonly used in atomic layer deposition (ALD)
processes. This common use makes it readily available for con-
trolled applications where precise adjustments of parameters and
recipes are necessary for achieving consistent layer quality and
even sample coverage. Further research on substrate functional-
ization with different SAMs!*!l has demonstrated that APTES not
only enhances the conductivity but also the optoelectronic prop-
erties of MoS, monolayers,?”#!l facilitating doping control of the
2D material. A graphical representation of the methodology used
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is provided in Figure S1 (Supporting Information), where the
modified exfoliation method utilizing APTES functionalization
is illustrated in contrast with the conventional TRT gold exfoli-
ation technique. Additionally, a more detailed description of the
structure of APTES molecule and its grafting on the substrate is
presented in the Supporting Information, with a corresponding
visual representation featured in Figure S2.

2.1. Statistical Optical Characterization

Figure 1 displays two examples of the exfoliation process us-
ing the gold-assisted technique with APTES and a standard
scotch tape exfoliation, in order to visually highlight the differ-
ences between the two methods. In the case of the S, sample
(Figure 1a), the gold-assisted exfoliation technique with APTES-
functionalized substrates consistently yields large (> 1 mm?),
continuous monolayer flakes. Few flakes exhibit thickness larger
than that of a monolayer, and in some cases, bulk structures
are also present. Conversely, the Sy samples (Figure 1b) exhibit
a fragmented morphology characterized by small areas (~ 2x
10% um?) and a significant presence of few-layer and bulk struc-
tures (see the inset of Figure 1b for comparison, scale-bar 10um).
This aspect is particularly detrimental as it poses substantial chal-
lenges in identifying and isolating individual flakes suitable for
device applications. Moreover, the close proximity of flakes to
each other further complicates potential transfer processes, mak-
ing it difficult to obtain well-defined isolated flakes. The lack of
uniformity in thickness and the prevalence of fragmented struc-
tures in the S; samples limit their practical application.

These findings suggest that the gold-assisted exfoliation
method with APTES treatment has the potential to produce a se-
lective population of large-area flakes with monolayer thickness.

To quantitatively assess the yield of monolayer flakes from
each method, we measured the size and area of these flakes
across the entire chip. The Feret maximum diameter was em-
ployed for lateral size estimation.[***}] Areas and Feret diameters
were extracted using Image] particle analysis tool**! by manu-
ally setting a suitable contrast threshold*] (see Methods Section).
In Figure 1c, we present the cumulative sum of flake area from
several samples. This data is visualized using stacked bar plots,
where each bar corresponds to a different sample, and each bin
corresponds to a different flake. The flakes from the four ana-
lyzed scotch tape exfoliated samples were aggregated into a sin-
gle representative S, sample. In the inset, we provide a magnified
view of S, sample, since the y-scale, dictated by cumulative sum
of gold-exfoliated samples, spans a too large range, making it im-
possible to identify details in sample Sj. This is primarily due to
the fact that the total cumulative area of all the flakes in the scotch
tape exfoliated samples does not exceed 500 um?. Conversely, in
the case of the S, samples, we observe varying cumulative areas.
Sample S, exhibited the smallest cumulative area, amounting to
~ 15 mm?, while S A demonstrated the largest cumulative area,
amounting to ~35 mm?.

Next, we analyzed the lateral size distribution of the mono-
layer flakes in both S, and S, samples. By plotting count dis-
tribution functions, we visualized the spread of flake sizes for
each method. Figures 1d and e depict respectively the area and
size distributions organized in histograms for one representative
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Figure 1. a) Optical image of flakes obtained via gold-assisted exfoliation with substrates treated with APTES (S,). b) Optical image of flakes obtained
via scotch tape exfoliation (Sg). Optical images were obtained by stitching 9 images obtained with 2.5 objective magnification. MoS, flakes can be
distinguished thanks to a different optical contrast with respect to the substrate, ranging from dark violet (monolayer), to blue (multilayer), and white
(bulk). The inset of panel b shows a magnification over an area where a monolayer flake is indicated by a black circle (inset scale bar 10 um). c) Cumulative
sum of the flakes area. Each column corresponds to a different sample, except column Sg, which aggregates all the monolayer flakes obtained via scotch
tape exfoliation across four samples. Within each column, the stacked bins represent individual flakes, arranged in ascending order by size. To enhance
clarity, two alternating shades of green are employed for S, samples and two shades of blue for Sg samples. d) Distribution of flake area of the optical
image of one S, sample depicted in panel a. e) Distribution of flake lateral size (Feret maximum diameter) of the optical image of one S, sample
depicted in panel a. f) Distribution of flake area of the optical image of one Sz sample depicted in panel b. g) Distribution of flake lateral size (Feret
maximum diameter) of the optical image of one Sz sample depicted in panel b. The four distributions are fitted with log-normal distribution, which can

be visualized by the red dashed curves. Fitting parameters and statistical significance values can be found in Table 1.

S, sample, while Figure 1f and Figure 1g show the same quan-
tities in histograms for representative S, sample. Mean, mode,
median, and standard deviation (STD) were calculated to pro-
vide insights into the average flake size and the variability among
flakes, as reported in Table 1. Statistical analysis was conducted
on these distributions to compare the outcomes of the two exfo-
liation processes. Several statistical distributions were fitted and
the goodness of fit was compared using the Kolmogorov-Smirnov
statistical test (KS-test) and the p-value derived from it. A more
detailed comparison of different statistical distributions is avail-
able in the Supplementary Information. The log-normal distri-
bution was chosen for the statistical analysis of areal and lateral
size distributions due to its relevance in the field of fragmentation

processes, especially within the realm of 2D fragmentation.[*6]

We evaluated the suitability of this distribution by computing the
p-value using the KS-test. It was observed that, besides the signif-
icant lateral and areal size, the distribution fit of the data resulted
in different KS-test p-values for S, and S, samples (Table 1).
Notably, the log-normal fit is suitable for Sy samples (p-value
> 0.05) but not S, samples (p-value < 0.05), indicating that the
log-normal distribution might not be the appropriate choice for
describing the fragmentation in the gold-assisted exfoliation. In
particular, when comparing the survival function derived from
different probability density function (PDF) fits (including log-
normal, gamma, generalized-extreme-value distribution) of the
experimental data, it is possible to assert that the log-normal

Table 1. Derived quantities and parameters of log-normal fit for S5 and Sg samples.

Mean (um?) Mode (um?) Variance (um?) STD (um?) p-value RMSE R-square
Area Flake S, 8606.85 319.704 13803600 2303.81 0.01463 0.06784 0.29487
Area Flake Sg 14.986 3.65333 0.32391 899.634 0.82744 1.13726 0.56631
Mean (um) Mode (um) Variance (um) STD (um) p-value RMSE R-square
Lateral dimension S, 133.687 46.3137 23024.1 1.03785 0.010666 1.34258 0.953491
Lateral dimension Sg 7.29768 5.21293 17.9408 0.37795 0.97952 1.4935 0.59239
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distribution well fits the smaller values (flake areas <80000 um?)
but fails to account for the larger area and lateral sizes observed in
the distribution of gold-assisted flakes (more details in Support-
ing Information). This discrepancy can be intuitively explained
by considering that a log-normal distribution can describe the
size distribution of particles obtained in a fragmentation process
only if it follows a Kolmogorov cascade process,[*% where the
likelihood of a particle undergoing subdivision into smaller parts
of varying sizes during a specific time interval is independent
on the initial particle size. This comparison suggests that the
flakes obtained from gold-exfoliation could be divided into two
groups, one represented by the smaller flakes, effectively mod-
eled by Kolmogorov fragmentation process and well described by
the log-normal distribution; the second represented by the bigger
area flakes, which are outliers in the log-normal distribution and
undergo a different process, not subject to the Kolmogorov frag-
mentation. Hence, from this experimental evidence of different
fragmentation, it is possible to conclude that the gold-assisted ex-
foliation physical mechanism for larger flakes is different from
the one that leads to small fragments in the traditional scotch
tape exfoliation. It is important to note that the p-value and the
statistics derived from the KS-test might be misleading because
the parameters used for their calculation were derived from the
distribution fitting rather than being imposed. This could po-
tentially lead to a misinterpretation of the goodness of the fit.
A robust assessment of goodness of fit involves calculating the
Root Mean Square Error (RMSE) and the coefficient of deter-
mination (r-squared) for the area and lateral size distributions.
While the lateral size distributions for both gold-assisted exfolia-
tion and scotch tape show confidence values exceeding 50% of the
observations, the area distribution for gold-assisted exfoliation
flakes yields a low r-squared value. This confirms that the log-
normal distribution inadequately describes the probability den-
sity for this dataset. Our findings consistently demonstrate that
the use of the gold-assisted exfoliation method in conjunction
with APTES treatment (S, samples) produces monolayer flakes
that exhibit not only uniformity but also a large area. In contrast,
the scotch tape exfoliation technique (S samples) yields flakes
characterized by fragmentation, smaller lateral dimensions, and
a significant presence of few-layer and bulk structures. To quan-
titatively analyze these differences, we considered the maximum
area A(YQM of the flakes obtained for each exfoliated sample i.
We introduced a figure of merit denoted as min;, (A%)M) rep-

resenting the minimum area among these maximum values.
Remarkably, upon analyzing the S, samples, we observed that

min, (ALQMJ > 1.7 x 10° pm?. In contrast, for the S, samples,

min, (A;?M) < 100 pm?. Overall, our data highlights the preva-

lence of smaller-sized samples according to a log-normal dis-
tribution. Nevertheless, the gold-assisted exfoliation technique
emerges as a standout method due to its unique capacity to gener-
ate and unveil significantly larger-sized samples at notably higher
frequency compared to the scotch tape technique.

2.2. Imaging Spectroscopic Ellipsometry

In order to evaluate the thickness of our MoS, crystals across
large areas, we employed Imaging Spectroscopic Ellipsometry
(iSE). It provides spatially averaged spectra of ellipsometric quan-
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tities W and A over large areas (typically in the order of 100 um?).
In particular, iSE yields spatial distributions of ¥ and A for each
wavelength, enabling the resolution of micrometer-scale features
while probing millimeter-sized areas within a single acquisition.
The ellipsometric quantities ¥ and A describe the change in light
polarization upon reflection from a sample. They are defined
from the ratio of the complex Fresnel reflection coefficients for
p- and s-polarizations, denoted as r, and r;, respectively:

iA rI’
tan We'* = — (1)
T,

s

The Fresnel coefficients rely on both the dielectric function and
the thickness of the sample materials, allowing these properties
to be determined from ¥ and A spectra. Proper optical modeling
enables the conversion of each ¥ and A spectrum into the local
thickness value of a known thin film. The unique capabilities of
iSE make it a valuable tool for investigating 2D TMDCs and their
properties.>152]

Spatial maps of ¥ and A were acquired at six wavelengths
within the relevant energy range, as described in the Experimen-
tal Section. The data was then converted into a thickness map
using a layer-stack optical model comprising an optically semi-
infinite Si substrate, a SiO, layer, and a MoS, layer. Optical con-
stants for the MoS, layer were adopted from ref. [53], where the
nominal thickness for 2D MoS, was set to 0.65 nm. The optical
constants for Si and SiO, were provided by the instrument man-
ufacturer. First, we determined the thickness of the SiO, layer by
fitting its value on a clean area of the same MoS, monolayer. Sub-
sequently, we performed pixel-by-pixel fitting of ¥ and A spectra
to determine the local MoS, thickness, being the only free pa-
rameter in the optical model. Notably, the nanometer-thin APTES
layer shares similar optical constants with the comparably thick
(281 nm) SiO, layer beneath it,*] and hence, for the purposes of
this work, it is not treated as a separate entity. Figure 2a presents
an illustrative thickness map of the MoS, layer of a S, sample,
prominently displaying a large and uniform monolayer region
with a thickness of 0.7 nm, along with distinctive features associ-
ated with multilayer areas. The thickness value of the monolayer
is confirmed by AFM measurements, shown in Figure S3 (Sup-
porting Information). Figure 2b shows the thickness distribution
extracted from Figure 2a. Sharp peaks at 0.70, 1.38, and 1.75 nm
correspond to monolayer, bilayer, and trilayer regions, respec-
tively. Imaging spectroscopic ellipsometry thickness for bilayer
and trilayer structures is lower than the expected one. This dis-
crepancy arises because the optical constants of 2D TMDCs vary
with the number of layers,[**! whereas our fitting is mainly tar-
geted at identifying monolayer regions and, consequently, adopts
the optical constants for monolayer MoS,.

Figure 2c plots the line profile corresponding to the red line
in Figure 2a. Sharp steps, associated with different numbers of
layers, and consistent thickness values for each system highlight
the versatility of iSE for thickness mapping over large areas of
2D materials.

2.3. Raman and Photoluminescence

To comprehensively investigate the diverse properties and phys-
ical phenomena within MoS, samples for both gold-exfoliation
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Figure 2. Layer thickness was assessed using Imaging Spectroscopic Ellipsometry (iSE) on a sample prepared via the gold-assisted technique with
APTES. The thickness measurements were obtained from ellipsometric spectra through optical modeling and fitting. a) Mapping the thickness via iSE
revealed a predominantly monolayer crystal of MoS,. b) A histogram displaying thickness values from panel a. c) The thickness profile corresponding

to the pink/red dashed line in panel a.

and scotch-tape exfoliation techniques denoted as S, and Sy re-
spectively, we conducted an in-depth analysis employing Raman
and PL spectroscopy techniques.>>-!] In particular, Raman spec-
troscopy is highly effective in characterizing the thickness of ex-
foliated flakes by analyzing peak positions and evaluating the im-
pact of substrates. This evaluation involves considering the struc-
tural modifications induced by strain and doping levels.[5>6062]
The samples treated with APTES revealed distinctive character-
istics, notably exhibiting biaxial stress across the gold-exfoliated
flakes and inducing an n-type doping effect.
In Figure 3 illustrative Raman spectra from two samples
S (Figure 3a) and Sy (Figure 3b), are depicted. Raman peaks
were fitted to two Lorentzian components corresponding to the
in-plane E;g mode (red dashed line) and the out-of-plane A;,
mode (green-dashed line).I"®] A shift in position of the in-
plane E;g mode is usually associated to changes in strain within
the material,*>%?] while position shift of A,, mode can instead
be attributed to out-of plain stress induced by charged sur-
face or doping changes.l'*>%4 In Figure 3c and Figure 3d we
plot the position of each peak for both S, and S; samples,
Pos(E! ) and Pos(A,,), along with their relative shifts, APos(E} )
g g 2g
and APos(A,,), respectively. Moreover, Figure 3e displays the in-
tensity ratio between the out-of-plane and in-plane modes, de-
noted as [(A,)/ I(Eig), while Figure 3f showcases the full-width-
half-maximum of A, , denoted as FWHM(A,,). It is noteworthy
that yellow data points in each plot represent monolayer flakes,
whereas orange data points represent multilayers. To facilitate a
clearer visualization of trends, boxplots were employed, accentu-
ating the distribution spread along with the median value, em-
phasized by red lines within the box plots.
The Raman spectroscopy analysis depicted in Figure 3c reveals
a distinct APos(Eig) ~ 1.7 cm™ shift between the gold-exfoliated
samples (S,) and the scotch-exfoliated ones (Sj). In particular, a
~ 1.7 em™! redshift is observed from samples S, to Sy, which
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can be attributed to either 0.80% of uniaxial strain or 0.36% biax-
ial strain in S samples, according to [60]. Interestingly, despite
the increased substrate roughness with APTES treatment, this
condition does not determine a residual strain in S, samples. In-
stead, it is possible to hypothesize that the stress might be asso-
ciated with flake dimensions, which are on average consistently
larger for gold-assisted exfoliation as discussed in the previous
paragraph. Therefore, residual strain can be correlated to border-
induced effect,!%! which is more pronounced in the central area
of scotch-exfoliated sample while relaxes within the larger flakes
obtained by gold-assisted exfoliation. Kukucska et al. proposed
a further method for verifying and quantifying the presence of
strain by comparing I(A,,) /I(E;,) between samples S, and S;.1>*!
For monolayer flakes, I(A,,) /I(E;g) increases by ~ 28% from sam-
ples S, to Sy (Figure 3e). According to [55], this trend cannot be
related to either uniaxial strain nor to biaxial strain in S; samples,
because it is incompatible with the redshift observed from S, to
Sg. Instead, only a ~ -2% of biaxial strain affecting S, samples
could explain these combined trends. The analysis of I(A; ) /1 (E;g)
suggests the presence of strain, most probably associated with
biaxial strain in APTES-treated samples. On the other hand, we
found that Pos(E;g) demonstrates a negligible difference in mul-
tilayer samples, confirming that APTES primarily affects only the
monolayer flakes. This observation aligns with the common un-
derstanding that the effects of strain tend to be more pronounced
in very thin 2D material structures, with their influence dimin-
ishing as the number of layers increases.>>¢2]

Furthermore, in considering the A;, peak, the observed soften-
ing in samples S, shown in Figure 3d may be attributed to sev-
eral phenomena. Primarily, as this mode involves out-of-plane
vibrations, alterations might arise from electronic interactions
with the substrate, presenting a plausible explanation for this
observed change. Hence, a different Pos(A,,) can be lined to ei-
ther out-of plain stress induced by a more electrically charged
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Figure 3. a) Typical Raman spectra of S, sample obtained from gold-assisted exfoliation. b) Typical Raman spectra of Sg sample obtained from scotch
tape exfoliation. The E;g and Ay, modes are fitted with a double Lorentzian function, illustrating two contributions via the red dashed curve (E;g) and

green dashed curve (A;;). c) Raman peak positions of the E;g mode over multiple spectra acquisition. d) Raman peak positions of the A;, mode over

multiple spectra acquisition. e) I(A1g)/I(E;g) intensity ratio. f) Full-width at half maximum (FWHM) of A;, peak. The data points are organized in 4

boxplot graphs, divided between S, and Sg samples on x-axis and grouped between monolayer flakes (yellow, 1L) and multilayer (orange, ML).

surfacel' or with a change of doping level in the MoS,.[®* In
the first hypothesis, the influence of APTES on the vibrational
mode of MoS, could manifest due to the establishment of a dis-
tinct dielectric environment, different from the inherent proper-
ties of bare SiO,. Notably, the positively charged functional amine
group (-NH,) in APTES might interact differently with sulfur
(S) atoms compared to molybdenum (Mo) atoms. Such interac-
tions could induce stiffening caused by the different interactions
within a different charged landscape. Remarkably, this pertur-
bation might solely affect the A,; mode without concurrent ef-
fects on the doping level of MoS,, thus preserving the PL spectral
shift and intensity.** Alternatively, the second hypothesis sug-
gests that the APTES layer acts as an interface that can induce n-
type electrical doping in MoS,. This case is supported by previous
studies of Kang et al., demonstrating that the amine group pro-
vides a positive pole charge, inducing a negative dipole moment

Adv. Optical Mater. 2024, 12, 2303228 2303228 (7 of 13)

on the MoS,, making APTES act as n-type dopant.[”#1:¢] Another
indication of a change in doping level is suggested by the mod-
ulation of FWHM(A,,) as shown in Figure 3f, which increases
in gold-exfoliated samples and which can be correlated with a
higher doping level.[] Furthermore, doping could potentially ac-
count for the disparities in both the intensity ratio I(A;,)/ I(E;g)
and the FWHM(A,,) observed among multilayer samples of S,
and S (Figure 3e and f, respectively). However, it is noteworthy
that the Pos(A,,) does not consistently vary between the S, and
Sy samples, aligning with previous findings on doping in multi-
layer MoS,.1”] If electrostatic doping and residual stress are at-
tributable to the electrostatic interaction between APTES amine
functional group and the MoS,, feasible methods to modulate
such dielectric environment are either changing the functional
group exposed to the 2D material, as reported in the study by
Najmaei et al.*!] or controlling the areal density of molecules
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Figure 4. Photoluminescence Analysis of Sy and Sg samples. a) Illustrative examples of typical PL spectra obtained from gold-assisted exfoliation with
APTES (Sp sample). b) Illustrative examples of typical PL spectra obtained from scotch tape exfoliation (Sg sample). Excitons A, B and trion A~ are fitted
with a triple Lorentzian function: the three contributions can be visualized by the orange dashed curve (Exciton A), green dashed curve (trion A~) and
violet dashed curve (Exciton B). c) Spectral median, accounting only for exciton A and trion A~, which is used to qualitatively assess the spectrum shift.
Boxplot graphs are used to highlight the median of the measurements and the dispersion. Green color corresponds to gold-exfoliated samples Sy, blue
color corresponds to scotch tape exfoliated samples Sg. d) Excitons A peak energy and e) trion A~ peak energy. f) Binding energy of the trion. g) Intensity
ratio between A and A~, suggesting n-type doping in S,. h) Intensity ratio between B exciton and A exciton, associated with the presence of defects that

hinder non-radiative recombination processes.

forming the SAM. To verify the doping hypothesis more robustly,
we employed PL spectroscopy, specifically focusing on the study
of the ratio between charged excitons, A~ known also as trions,
and neutral excitons, A and B. For this reason, we have analyzed
the PL of samples S, and S;. [lustrative examples of PL spec-
tra for S, and Sy are shown in Figure 4a and b, respectively. Each
spectrum was analyzed by fitting it with a triple Lorentzian model
to account for excitons, A and B, and for the trion, A~. First, in
order to analyze the spectra, we considered the spectral median
(Figure 4c), that is a derived quantity defined as the wavelength
median value of the intensity spectrum. The spectral median con-

Adv. Optical Mater. 2024, 12, 2303228 2303228 (8 of 13)

siders not only the peak position but also the intensity weight
of each component of the spectrum. Since we are interested in
particular into the excitons A and trion A~, we only considered
the spectral median relative to these two contributions, avoiding
the B exciton contribution. We observe an overall shift towards
higher energies in the spectral median for scotch tape exfoliated
samples, depicting a notable blueshift of ~58 meV. This blueshift
can be caused by different factors, including a displacement in
the wavelength position of the exciton/trion peak, a relative shift
attributed to distinct binding energies, or variations in the in-
tensity weight of these contributions.>”%8] The absolute spectral
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positions of exciton A and trion A~ are presented in Figure 4d and
Figure 4e, respectively. Notably, both the exciton and the trion,
exhibit a blueshift in peak position from gold-assisted exfoliated
sample S, to scotch tape exfoliated S;. In particular, the shift
for exciton A amounts to ~ 47 meV, whereas for trion A~ is ~
62 meV. Consequently, the binding energy between exciton A
and trion A-, defined as Ey, 4 = E, — E,, is higher in the case
of gold-exfoliated samples by ~15 meV (Figure 4f).57:686%) Thig
increase in binding energy can be associated with electrostatic
and/or chemical doping effects, as reported in ref. [68]. Neverthe-
less, the shift of the spectral median is not only associated with
the individual peak shift of the excitonic contribution, but takes
also into account the intensity of each contribution.!>”:¢]

Indeed, the spectral weight ratio between the trion and exci-
ton intensities, depicted in Figure 4g, illustrates that the relative
weight intensity of the charged exciton A~ is higher in the case of
S, than in Sj. It is well established that the intensity ratio I,- /I,
can be correlated to the free electron n, concentration by consid-
ering the combination of the mass action model and a three-level

emission model for the excitons A and trions A~,[5%6068] resulting
in the Equation 2:

I, 7. 4m* _ Fpind
n:iiikf}'f@ kpT (2)

¢ 2
I, 1, =h

I, Ty
where Ii is the trion/exciton intensity ratio, —— = 1/6.6/°%)
A Ta
is the ratio between the decay rates of trion/exciton, m* =
my-m, 0.8 -m,-0.35-m,

= , with m,, being the free electron
M- 1.15 - my

mass, # is the reduced Planck’s constant, kj is the Boltzmann
constant, T is the temperature and Ey, 4 is the trion binding en-
ergy. Since all the parameters are known from theory or can be ex-
perimentally determined (Ep;, 4, I4- /1), We can estimate that the
electron density of S, is approximately 5.5x 10'? cm~2, while in
Sg, itis 4.2x 10'2 cm~2. This demonstrates that in gold-exfoliated
samples there is an additional source n-type doping that influ-
ences both PL and Raman data which can be ascribed to the pres-
ence of APTES.

According to McCreaery et al.,”"! the relative intensities of A
and B excitons serve as an indicator of non-radiative recombi-
nation and sample quality. A longer A" exciton lifetime, indica-
tive of low non-radiative defects, results in dominant A-exciton
emission relative to B-exciton emission. Conversely, a high den-
sity of defects reduces the A-exciton lifetime, making the B-to-
A relaxation pathway more probable, increasing B-exciton emis-
sion. Jil*’] and Najmaei’s(*!! findings suggest that modifications
in substrate functionalization, such as intense oxygen plasma
treatment inducing p-doping, can significantly alter the A-B in-
tensity ratio.[***!] Additionally, electrostatic doping through ap-
plied gate voltage, as reported by Liu et al.,”! can also modify
the A-B ratio. Combining these results, we can interpret our own
results and assess sample defectivity more accurately.[*0417071]

The observed differences in B-A exciton intensity ratio be-
tween samples S, and Sy are depicted in Figure 4h, showing
variations not exceeding an order of magnitude. It cannot be ex-
cluded completely that the several cleaning steps involved in the
gold-exfoliation process do not contribute to an increase of de-
fects, leading to the observed increase in B-A exciton from sam-
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ples Sy to samples S,. However, in both S, and S, samples, the
high values of I;/(I, + I) compared to literature values for MoS,
suggest either a high defect density inherent to the bulk crystal
or an effect induced by electrostatic p-doping from the SiO,/Si
substrate, influenced by its further functionalization in the case
of APTES.[*07071] Given the consistently high B-A exciton ratio
across different bulk crystals and exfoliation techniques, we are
inclined to attribute this to substrate doping, indicating compa-
rable defect densities for the two exfoliation methods. The differ-
ences B-A exciton ratio, not exceeding an order of magnitude, are
likely due to variations in substrate functionalization and not to
defectivity. Specifically, APTES functionalization, attributed to n-
type doping from APTES amine presence, leads to an increase in
the B-A intensity ratio. Furthermore, the comparable full width
at half maximum (FWHM) of E;g Raman peak, reported for both
samples in Figure S3 (Supporting Information), suggests compa-
rable defectivity aligning with McCreaery et al., observations.!”"]
These observations indicate thus a comparable quality in terms of
defectivity for both S, and S; samples, suggesting that the exfo-
liation method does not impact consistently on the quality, while
APTES presence modifies doping level, affecting the optical re-
sponse.

2.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy measurements were per-
formed in order to assess the presence of the APTES molecule,
both before and after the exfoliation process, and show that the
APTES layer persists throughout the entire process. Figure 5a
compares XPS survey spectra of a pristine SiO, (285 nm)/Si sub-
strate before and after APTES deposition. The presence of APTES
on the surface is confirmed by the presence of the N 1s peak at
400 eV binding energy (BE) originating from the amine group
(-NH,). Similarly, the increase of the C 1s peak at 285 eV BE
with respect to the clean substrate is due to the organic chain
of APTES. Figure 5b shows the XPS survey spectra of a mono-
layer MoS, flake after the exfoliation process. Molybdenum and
sulphur peaks are present, as expected, as well as the N 1s peak,
confirming that APTES persists after the chemical processes in-
volved in our exfoliation technique. The I 3d doublet at 618
€V/629 eV BE can be traced back to residues of the Au etchant
(KI/1,). No trace of potassium is observed; hence, only iodine is
bound to the sample. A further analysis of the same region has
been performed by acquiring and fitting XPS spectra with high
spectral resolution; in particular, we investigated the Mo 3p/N 1s
peaks (shown in Figure 5c), as well as the Mo 3d/S 2s, S 2p, and
C 1s peaks (shown in Figure S2a-S2c, respectively). Figure 5¢
shows a high-resolution XPS spectrum of the N 1s peak and the
Mo 3p doublet, together with their fitting curves. The main Mo
3ps2/3P1), peaks are located at 394.9 and 412.5 eV BE, respec-
tively. A second Mo 3p doublet is present, with peaks at 397.9
and 415.4 eV BE; these states can be attributed to MoO, traces.!”?]
Similarly, higher BE states are observed in the Mo 3d doublets
(Figure S3, Supporting Information). The N 1s peak (Figure 5c)
islocated at 399.6 eV BE and is attributed to the -NH, group of the
APTES molecules.l”>7#] The persistence of the N 1s peak through-
out the exfoliation process and the absence of additional N 1s
subcomponents afterward suggests that the APTES molecules
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Figure 5. XPS spectra depicting APTES and monolayer MoS, over APTES. a) XPS spectra of a pristine SiO, (285 nm)/Si substrate before and after APTES
deposition. The N 1s peak acts as a fingerprint for the APTES molecule. The inset provides a detailed view of the N 1s and C 1s peaks. b) XPS spectrum
of a monolayer MoS, crystal, confirming the persistence of the APTES layer during the exfoliation process. c) High-resolution XPS data and fitting of the

Mo 3p and N Ts peaks of a monolayer MoS, crystal.

persist on the substrate and do not react during the exfolia-
tion process.

3. Conclusion

In summary, we have presented a fully reproducible method for
functionalizing the target substrate using APTES, thereby en-
abling high-yield gold-assisted exfoliation, otherwise not possi-
ble due to gold detachment in the release step of TRT. The com-
parison between samples obtained via gold-assisted exfoliation
with APTES-treated substrates and standard scotch tape exfolia-
tion revealed that APTES significantly enhances exfoliation per-
formance compared to conventional methods. Gold-assisted ex-
foliation technique with APTES has demonstrated the produc-
tion of significantly larger exfoliated areas, exceeding 1 mm? for
all samples, in contrast to a maximum area of 80 um? achieved
with scotch tape exfoliation. Our study employed optical imaging
to analyze the fragmentation process using statistical methods.
We found that the gold exfoliation technique, when combined
with APTES, generates small fragments that conform to a log-
normal distribution, similar to the scotch tape method. However,
unlike the latter, this technique also produces larger flakes. These
outliers in the distribution suggest an alternative process less in-
fluenced by fragmentation. This process appears to facilitate the
creation and preservation of large monolayer flakes. Despite the
increased area, the overall properties exhibited changes in com-
parison to those obtained through scotch tape exfoliation. These
changes manifest as residual biaxial strain effects, indicated by
shifts in the A,, peak position, as well as n-type doping effects,
characterized by a blueshift in the spectral median in the pho-
toluminescence spectra and alterations in the exciton-trion ratio.
The root cause of these changes can be attributed to the presence
of APTES, which persists throughout the entire process, as con-
firmed by XPS measurements. Therefore, in addition to achiev-
ing larger flakes, we have also demonstrated that chemical dop-
ing through the APTES layer can be accomplished.

4. Experimental Section

Scotch Tape Exfoliation:  The target MoS, crystal was placed on scotch
tape and folded multiple (5-10) times until obtaining thin and almost
transparent flakes on the mother tape. The folding was stopped as soon
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as the flakes where optically thinned enough in order to avoid further
fragmentation and lead to a larger lateral size. Then, target substrates
of SiO, /Si (285 nm/500 pm) previously treated with oxygen plasma were
placed beneath the tape regions with a higher density of thin flakes, and
then the tape was gently pressed onto the substrates. The ensemble was
then heated on a hotplate at 100 °C for 5 min to promote adhesion and
obtain larger flakes.[”] Eventually, the ensemble was let to cool down to
room temperature and the scotch tape was removed, leaving the MoS,
flakes on the SiO, /Si substrate.

Gold-Assisted Mechanical Exfoliation: The MoS, bulk crystal was pur-
chased from HQ Graphene, Netherlands, with lateral crystal size of up
to 8 mm. gold-assisted mechanical exfoliation was carried out using the
approach detailed in ref. [20]. First of all, a 150 nm thick layer of Au was
deposited onto a 285 nm SiO, (thermal oxide) / 500um substrate wafer
(SiMat, p-doped type) using sputter coater (KS500 Confocal, Kenosis-
tec). The poor adhesion between gold and SiO, allowed the subsequent
easy peel-off of gold from the SiO, surface. A solution of polyvinylpyrroli-
done (Sigma—Aldrich, M,, 55000, 10% wt dispersed in solution 1:1 wt of
ethanol/acetonitrile) was then spin-coated onto the gold film and cured
at 150 °C for 5 min, serving as a sacrificial layer to prevent contamina-
tion from tape residue. Thermal release tape (TRT) (Nitto Denko Reval-
pha RA95LS(N), with a 105 °C release temperature) is used to peel off
the PVP/Au layer from the SiO,/Si wafer, obtaining a metal-tape portion
slightly bigger than the target substrate (10 mm lateral size) and the crys-
tal surface. The TRT/PVP/Au ensemble was then pressed onto a freshly
cleaved and ultra-flat surface of the MoS, bulk crystal, resulting in the ex-
foliation of the TMDC flakes, which remained adhered to the gold layer.
Optical inspection of the gold surface reveals monolayer/multilayer as
darker regions. The TRT was designed to be removed at a temperature
of 105 °C, facilitating the transfer of the monolayer 2D crystal attached to
the gold surface onto a Si/SiO, substrate. The exfoliated MoS, was then
carefully transferred to the target substrate covered with APTES. To de-
tach the TRT and ensure successful transfer, the TRT/PVP/Au/MoS, flake
structure was placed on a hotplate preheated to 125 °C. Without any ad-
hesion layer, the polymerization of the TRT glue at temperatures above
the transition temperature would lead to cracks throughout the gold layer,
and consequently, the exfoliated TMDC flakes would not adhere to the tar-
get substrate. Thus, the use of an adhesion layer is crucial for the correct
transfer of the MoS, /Au/PVP structure to the target substrate. After suc-
cessful transfer, the structure underwent a washing process to remove the
protective PVP layer, the Au layer, and any other potential residues, leaving
only the exfoliated TMDC on the substrate. The cleaning process involved
the following steps: deionized (DI) water at 90 °C for 10 min, followed by
acetone rinse at 70 °C for 10 min and rinse with isopropanol. The gold
layer was dissolved using a Kl/I, (Sigma-Aldrich) gold etchant solution
for 3 min,and eventually the structure was thoroughly rinsed with MilliQ
water, followed by a rinse with isopropanol to ensure cleanliness. If any
organic process residues persisted after the washing process, the appli-
cation of Microposit MF 319 in conjunction with N-Methyl-2-pyrrolidone
(NMP) was found effective in eliminating them.[7¢]
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Atomic Layer Deposition of APTES:  Si/SiO, substrates were function-
alized by means of atomic layer deposition (ALD). After oxygen plasma
cleaning, Si/SiO, substrates were placed inside the ALD chamber (Ox-
ford Atomic layer deposition system), which was purged with nitrogen gas.
Subsequently, the APTES precursor was introduced into the ALD chamber,
and the deposition was carried out at 110 °C. The APTES precursor was
pulsed into the chamber, allowing it to react with the substrate surface,
employing 30 pulses cycles of APTES deposition. The use of more pulsed
cycles ensured the deposition of a uniform monolayer of APTES over the
entire surface, while the total thickness of the layer remained unaffected
by the number of cycles.[””]

Monolayer Identification with Optical Contrast: The method of optical
contrast for identifying monolayers of 2D materials over a specific sub-
strate is widely acknowledged.[4>78-3%] The optical images acquired with
Zeta 20 Optical Profilometer were then processed with Image) softwarel44]
for analyzing the optical contrast regions corresponding to the monolayer
optical contrast.[’] The optical images were splitted in the RGB channels
and red channel was analyzed, since the best contrast was provided by this
channel. Image) threshold routines for particle identification and analyses
were employed for calculating the monolayer areas and the lateral size
(Feret maximum diameter), then statistical fitting employing log-normal
distribution was applied for the analysis of the distributions.[*647] It is im-
portant to note that when analyzing the entire surface of the substrate in
gold-exfoliated samples, we used a 2.5x magnification with a minimum
pixel size corresponding to 3.5 um. In contrast, for scotch tape exfoliation,
where the flakes were considerably smaller, optical inspection was per-
formed across the entire sample, and any found flakes were subsequently
analyzed at higher magnification, yielding a more precise minimum size
(0.366 um per pixel, 20x objective). This difference in magnification af-
fects the minimum detectable fragment size when using Image] but pre-
serves the ability to identify large areas. This distinction is crucial for an-
alyzing gold-assisted exfoliation images, as our primary focus is on these
larger areas.

Imaging Spectroscopic Ellipsometry: iSE maps were acquired using an
Accurion nanofilm_ep4 imaging ellipsometer equipped with a LedHUB®
light source. The angle of incidence (AOI) was kept at the relatively small
value of 50° in order to maximize the signal-to-noise ratio. iSE measure-
ments were performed with a 5 X objective and the imaging ellipsometer
operated in nulling mode. In this mode, the nulling ellipsometry principle
is applied to each pixel of a CCD camera placed at the end of the ana-
lyzer arm, hence allowing to measure at once the whole area of interest.
A further improvement in the quality of the ¥ and A maps is achieved
by automatically scanning over the focal position of the objective, as only
one line at a time is perfectly focused due to the oblique orientation of
the arm. The wavelengths provided by the light source are 386.7, 443.8,
522.5,595.0, 659.6 and 844.6 nm. A map of ¥ and A was acquired at each
wavelength and all of them were used for the subsequent thickness fit-
ting process.

Micro-Photoluminescence and Micro-Raman: A CW laser (Edinburgh
Instruments) at 532 nm was used for excitation of the MoS, flakes.
The laser light was coupled into IX83 Olympus inverted microscope and
focused on the samples by means of x60 (N.A. 0.8) Olympus micro-
scope objective lens. The spot position was adjusted with the move-
ment of the sample stage, controlled by means of Physik Instrumente
(Pl) double M-229 Linear Actuators, coupled with Pl M-405 Precision
Translation Stage and operated with PIMikroMove software and C-819
joystick (Pl). The emitted photoluminescence signal was collected by
the same objective and sent to HRS-500 spectrometer (Princeton Instru-
ments) for dispersion. The grating used for dispersion had 500 nm blaze
wavelength, 150 grooves/mm with 650 nm center wavelength. The dis-
persed signal was then detected through PIXIS CCD camera (Princeton
Instruments) and acquired employing LightField (Princeton Instruments)
software.

Raman measurements were conducted with the same setup, except for
using a different spectrometer dispersion grating (500 nm blaze wave-
length, 1800 grooves/mm, 542 nm center wavelength).

For all measurements, the excitation power was 50 p\W in order to keep
the photoluminescent response in the linear regime.
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X-Ray Photoelectron Spectroscopy:  XPS was performed using a Physical
Electronics PHI 5800 spectrometer equipped with a monochromatized Al
K, source. The X-ray spot size was few-hundred microns, allowing to probe
a uniform large-area monolayer of MoS,. Charge correction was made by
setting the lowest energy component of the C 1s peak at 284.5 eV. XPS data
analysis and fitting were performed with the commercial software CasaXPS
version 2.3.25.
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