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Large area molybdenum disulfide (MoS2) monolayers are typically obtained by using perylene-
3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) as organic seeding promoter in
chemical vapour deposition (CVD). However, the influence of the seeding promoter and the
involvement of the functional groups attached to the seed molecules on the physical properties
of the MoS; monolayer are rarely taken into account. Here it is shown that MoS, monolayers
exhibit remarkable differences in terms of the electronic polarizability by using two
representative cases of seeding promoter, namely the commercial PTAS and a home-made
perylene-based  molecule,  N,N-bis-(5-guanidil-1-pentanoic  acid)-perylene-3,4,9,10-
tetracarboxylic acid diimide (PTARG). By thermogravimetric analysis, it is verified that the
thermal degradation of the promoters occurs differently at the CVD working condition: with a
single detachment of the functional groups for PTAS and with multiple thermal events for
PTARG. As a consequence, the promoter-dependent electronic polarizability, derived by free
charges trapped in the monolayer, impacts on the photoluminescence emission, as well as on
the electrical performances of the monolayer channel in back-gated field-effect transistors. Our
findings suggest that the modification of the electronic polarizability, by varying the molecular

promoter in a pre-growth stage, is a path to engineer the MoS; opto-electronic properties.

1. Introduction

Molybdenum disulfide (Mo0S;), a member of transition metal dichalcogenides
(TMDs),™M has emerged as outstanding two-dimensional (2D) semiconducting material with
potential applications in electronics, optoelectronics, valleytronics, catalysis etc.>81 However,
before harnessing the fascinating properties of monolayer MoS;, it is important to develop
feasible fabrication methods extendable to large surface areas!®°l. This is the first step towards
the translation of 2D layered materials from laboratory scale to the industrial settings. In this

respect, chemical vapor deposition (CVD) assisted by molecular seeding promoters represents
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the most promising way to control the kinetic of the growth, enabling the formation of 2D single

crystal domains rather than 3D cluster nucleation.[®4

The use of perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) is reported
as a standard ingredient for the CVD growth of large area MoS, monolayer domain (up to 100
um? scale otherwise unachievable in bare CVD process) as a results of the nucleation free-
energy lowering. Y Recent studies have shown the change in the physical properties of the
MoS; monolayers using different seeding promoters.l*?l Nevertheless, a clear understanding of
the mechanism at the basis of the observed differences is still not comprehensively understood.
To shed the light on these aspects, we investigated MoS, monolayers obtained using either the
standard PTAS and a molecular engineered seeding promoter PTARG (N,N-bis-(5-guanidil-1-
pentanoic acid)-perylene-3,4,9,10-tetracarboxylic acid diimide). Both seeding molecules
contain the extended perylene aromatic core, but the latter is enriched with different functional
units (-CO, -COOQ, -NH, etc.) that have already demonstrated to influence the opto-electronic

properties of a monolayer MoS; when deposited on its surface. [**l

In this paper we study the electronic polarizability of the monolayers as the quantity
governing the opto-electronic properties at the 2D level, as well as the dielectric constant in the
3D case. Based on electrostatic force microscopy (EFM) measurements, we found that the
electronic polarizability, in the static regime, shows a promoter-dependent behavior. To
understand the origin of this polarizability variation, we track the detachment of the functional
groups of the promoters by using thermogravimetric (TGA) analysis. We demonstrated that, at
high temperatures, the functional groups of PTAS and PTARG attached to the perylene core
are lost and the perylene core is the only structure that remains intact after the heating process.
Still, the detachment of the functional groups occurs in a single thermal event for PTAS and by
multiple thermal events for PTARG. Accordingly, under CVD working conditions, the

presence of the perylene core generates similar morphological properties for both seed assisted
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MoS; monolayers, while the change in the electronic polarizability is influenced by the different
degradation processes of the promoters. The change of the electronic polarizability is reflected
in observable variation of the opto-electronic properties. One example comes from the different
radiative recombination of the exciton and trion population deduced from the
photoluminescence spectra. A second example relies on the different trans-characteristics of
field effect transistors (FETS) incorporating MoS: single layer channel treated with the two
different growth promoters. Our findings suggest that molecular engineering of the seeding
promoters may represent a viable tool in view of tailoring the physical properties of the MoS;

monolayers for the development of nanoelectronic and photonic devices.[*#16]

In the following section, we discuss the investigation carried out on the samples by
means of Raman scattering and X-ray photoelectron spectroscopy (XPS). In particular, we
compare the core levels and valence band edges of the CVD grown MoS; with those of
commercially available geological flakes in Figure 1. Thermogravimetric analysis (TGA) are
shown in Figure 2 to determine the different degradation paths of the two organic seeding
promoters in use during the CVD process. Eventually, we specialize our study on MoS;
monolayer using electrostatic force microscopy, photoluminescence spectroscopy and the

electrical characterization of FETs in Figure 2 and Figure 3.

2. Results and Discussion

The synthesis of MoS; crystals is carried out in a CVD apparatus starting from MoO3z and S
powders and using PTAS and PTARG as seeding promoters for the growth (see sketch in
Figure 1a and Figure S1 in Supporting Information). On a large scale, the formation of the
MoS: layers is inferred by means of micro-Raman investigations and XPS survey in areas of
the sample with variable thickness. Two representative Raman spectra of the grown crystals are
showed in Figure 1b. They present the distinctive in-plane, Ely, and out-of-plane, Aag,
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vibrational modes of MoS; located at frequency o(E'zg) ~ 381-383 cm™ and (A1) ~ 406-407
cm L1728 The full-width-half-maximum of the peaks is Aw ~ 4 cm™ in both samples, a value
comparable to that measured in geological sample, thus demonstrating the good crystallinity of

the MoS; grown with the CVD approach.*" 18!

The high resolution Mo3d and S2s photoemission peaks are shown in Figure 1c as a
function of the binding energy (BE). The peak deconvolution, using pseudo Voigt functions,
shows the presence of the Mo 3d5/2 (at BE~230.3 eV), M03d3/2 (at BE~233.4 eV), and S2s
(at BE~227.5 eV) components in the two lines, respectively, both acquired on the PTAS- and
PTARG-grown MoS; samples. Comparing the XPS components of the two samples, no
chemical shift or shape modification can be observed, indicating that the MoS, nanosheets
possess the same trigonal prismatic coordination typical of the 2H semiconductor phase and the
same chemical constitution irrespective of the used seeding promoters.!** Nevertheless, a first
hint of the impact of the seeding promoter is observed at the valence band edge shown by the
high-resolution XPS measurements in Figure 1d-e. Comparing the band edge of the synthetized
materials with that of geological MoS; flakes, we observed that the highest occupied molecular
orbital (HOMO) of the CVD MoS: is placed at ~1.42 eV binding energy for the layers obtained
by using PTARG and ~1.47 eV using PTAS, thus resulting in a moderate shift towards the
vacuum energy level (origin of the plot) compared to the HOMO energy at ~1.6 eV of the
commercial MoS> flakes, inset in Figure 1d. Unequivocally, a modification of the electronic

band structure occurs in the seeding promoter-assisted CVD MoS; layers.

As a first rationalization of the observed shift, we speculate that the perylene molecules,
not only promote the layered growth, but also represent a reservoir of chemical groups able to
functionalize the grown MoS; shifting the Fermi level. Moreover, comparing the band edges of
the two types of CVD MoS;, we observe that the use of the PTARG molecule results in a

broadening of the molecular core levels of the TMD (compare black and blue traces).
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The local scale investigation of the material was performed by means of optical
microscope (OM) inspection, scanning electron microscopy (SEM) and atomic force
microscopy (AFM) analyses selecting individual monolayer MoS2 domains. Both the
representative OM and SEM images (Figure 2 a-b and Figure S2 in Supporting Information)
allow us to appreciate the formation of the MoS2 layers on a large area (~ cm2) of the samples.
According to our statistics, we note that the size of the triangular monolayer domains is slightly
larger when the PTAS seeding promoters is used, even though in both cases the lateral size well
exceeds the tens of microns. The monolayer thickness, in the range of 0.7-1 nm, is confirmed

by the linear AFM profiles shown Figure 2.

The EFM investigation reveals a different electrostatic screening potential behavior in
the monolayer domains obtained using the PTAS and PTARG molecules, Figure 2 c-d
respectively. The EFM investigations measure the shift of the resonance phase condition, ¢,
caused by a variation of the electrostatic force between the sample and the conductive tip due
to an applied bias voltage, Vg, see sketch in Figure 2e.29?21 According to equation 1 in the
Experimental Section, the change in the slope of the function [tg()| vs. V% reveals that the
capacitive coupling (C1) between the samples and the tip varies within the two MoS>

monolayers.

To explain the data quantitatively, we calculated the capacitances called for in equation

1, measuring the slopes of the data in Figure 2 e. Adopting the simplified model proposed in

ref. (221 we calculated the capacitances Ci (SiOz) ~ 6,5 -101° F of the substrate (in

quantitative agreement with ref.292) and C; (MoSz) ~ 9,8 -10"2° F and ~ 10,6 -10"X° F of the

MoS, monolayers obtained using PTAS and PTARG respectively (see equation 2 in
Experimental Section). The difference in the capacitances has a simplified description in terms

of the electrical charges, Q’, induced at the AFM tip in response to the applied voltage bias, C1
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~Vg/Q’, see Figure 2e. These findings suggest that the amount of charges induced at the tip,

and screened by the presence of the MoS, monolayer, is reduced in the PTARG case compared
to the PTAS one, thus showing an increase of the electrostatic screening potential at fixed biased

voltage.

In EFM investigations of bulk materials, the variation of the screening potential
efficiency is associated with a change of the local dielectric environment, which determines the
capacitive tip-sample coupling.’®! In 2D materials, the confined nature of the atomically thin
layer poses serious concerns on the physical definition of the dielectric constant, opening new
room for the interpretation of the calculated capacitances, and thus of the screening potential
efficiency, as a marker for the local polarizability of the electronic distribution and the presence

of free charges trapped in the samples.[20-22:24]

At the atomic level, the main mechanism for the difference observed between the two
monolayers can be related to extra free charges that are made available during the promoter
degradation in the CVD process. We can speculate that this doping mechanism can follow
different paths such as the inclusion of chemical functional groups in the MoS: lattice or the
generation of lattice point defects, like vacancies, which are known to act as traps for free

charge carriers and centers for localization of excitons [?°]

To gain a deeper insight in the origin of this promoter-dependent electronic
polarizability, we focused on the thermal stability of the seeding promoters during the CVD
growth performing thermogravimetric-analysis (TGA) under inert atmosphere (Figure 2f).
PTAS was found to be more thermally stable, because the initial decomposition temperature
corresponding to 5% weight loss of PTAS was 540 °C, which is markedly higher than that of

PTARG which initiates at 250 °C. The thermogram of PTAS showed a single weight loss in
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the temperature range 500-630 °C with a maximum rate at 561 °C, due to the loss of the
carboxylic groups. Increasing the temperature up to 750 °C, the residue amount was ca. 65 wt%,
corresponding to the perylene core and the potassium ions. Under air exposure at 800 °C the
carbonaceous part of the residue is oxidized and remains a white residue ascribed to potassium
oxide. The thermogram of PTARG is more complex due to the presence of many functional
groups which are lost in various steps while the temperature is increasing. In this case, the TGA
curve shows a broad degradation region between 100 and 750 °C. The derivative
thermogravimetry (DTG) pattern, constituted by overlapping degradation events, indicates that
various decomposition products are released in steps, with maxima at 177, 321, 432, 470 and
595 °C. Similar to PTAS, at the end of the thermal analysis, the residue (around 34%) is
attributed to the perylene core; however, the carbonaceous residue disappears when exposed to

air.

These experimental data show that at the working temperature of CVD (>650°C) the
only structure which remains unaltered is the perylene aromatic core, independently of the
starting seeding promoter. This result supports the morphological similarities observed in the
MoS: grown using the two seeding promoters (Figure 2), while the different degradation of the
functional groups, attached to the promoters, determines the discrepancy in the electrostatic
screening potential as a results of the perturbation of the local electronic polarizability in the
MoS. monolayer. The availability of extra charges, as responsible for the change of
polarizability, can lead to a renormalization of the electronic band gap and the quasi-particle
binding energy!?®! along with a modification of the trion population and its weight in the

radiative recombination.[327-2°]

We elucidate these aspects by investigating the photoluminescence (PL) emission from
MoS; monolayers as a function of the peylene promoters.™**3%31 Figure 3 a and b illustrate two

representative PL spectra of the monolayer MoS; crystals obtained using the PTAS and PTARG
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seeding promoter respectively. Each spectrum is fitted with two Lorentzian components that
are assigned to the radiative recombination of the photoexcited quasi-particles. In agreement
with previous reports on the optical transitions of MoSz monolayers,%32! they correspond to
the neutral A exciton (the bound state of one hole (h+) and one electron (e-)) and the charged
A trions (the bound state of one hole (h+) and two electrons (e-)). Averaging over a set of
spectra acquired in ten different positions, we found that using the PTAS molecule the PL peaks
are located at A" ~1.83+0.01 eV and A~1.85+0.01 eV, while for the MoS; obtained from
PTARG the energy positions of the peaks are A"~1.79+£0.01 eV and A~1.82+0.01 eV. This fact
indicates that, for both the exciton and the trion components, a shift towards lower energy
(AE~30 meV) is observed in the MoS2 monolayer grown with the PTARG seeding promoter.
It is worth nothing that the shift is not negligible considering that, at room temperature, the
exciton and trion binding energies for MoS; are 440 meV and 18 meV, respectively.23 |n
terms of the relative trion and exciton weight, we note that the integral area (S) of the

components is S(A’)/S(A) ~1.15+0.5 for the PTAS and S(A")/S(A) ~0.9+0.4 for the PTARG.

The variation of the PL spectra with the seeding promoter is consistent with the
promoter-dependent electronic polarizability, which stems from extra charges available in the
MoS2 monolayer. In this respect, the higher activity of extra-charges should be reflected by a
comparatively different in-plane transport characteristics of FETs made from different
promoters. Indeed, it is reported that variation of the electrical conductance of the MoS, FETs
can be caused by charges trapped in the monolayer channel.3*3! In particular, when extra-
electrons are made available (e.g. due to oxygen or water molecules adsorbed on the channel),
the threshold voltage (V) shifts towards positive gate voltages, B4 whereas it shifts towards
negative voltages when those charges are lost. As such, the measurement of Vrn can be taken
as a reference for a comparative study of the two monolayers obtained by using PTAS and

PTARG.
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Figure 3c (inset) shows an optical image of our device architecture. We investigated
the electrical properties of a large array of FETs with channel length L ~1 um and width W~8
pum. In Figure 3 ¢ we report on two representative transfer characteristics, i.e. the drain current
(Ip) versus the back gate-source voltage overdrive (Ves - V1H) plots measured in our FETs. The
FETSs exhibit a typical n-type conduction behavior and a clear switching characteristic in both
cases. Furthermore, the electrical properties of the FETs, summarized in Table 1, reveal that
the threshold voltage, VH, is shifted towards more negative voltages in the case of the PTARG
monolayer (the threshold voltages were obtained from the as measured transfer curves shown
in Fig. S3 in the Supporting Information). As stated before, these findings can be attributed to
an increase of the MoS: channel electrical conductance due to the reduction of trapped electrons,
which is in qualitative agreement with the EFM measurements and the reduction of the trion
weight in the PL emission. PTARG monolayers also exhibit smaller subthreshold swing S of
the transfer curves, which could be attributed to the lower density of charge traps at the interface
between MoS; and SiO,. [¥6-3% At a given source-drain voltage, Vps, the ratio between the drain

current in the on state and the off state, on/off, does not vary significantly in the two cases and

it is ~ 3x10%.
Threshold extrinsic ~ field- | on/off drain
voltage effect mobility current ratio
Vrr (V) Hee (cm?Vist) | on/off
PTAS
-1.5+/-1.6 6 3x10*
monolayer

10
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PTARG
7.8 +/-2.1 6 3x10*
monolayer

Table 1 Electrical characteristics of the FETs based on a monolayer MoS:

The extrinsic field-effect mobility, pre ~ 6 cm? V-1 s (see Equation 3 in Experimental section)
does not show a promoter-dependent variation as a function of the carrier density (see Fig. S4
in the Supporting Information). We can explain this fact considering that, in its physical terms,
the extrinsic field-effect mobility is dictated by the scattering events into the channel strictly
related to the number of structural defects. From this point of view, the small variability
observed in e corroborates the structural similarity of the two MoS2 monolayers derived from
the XPS and micro-Raman analysis. Despite the absence of any post-fabrication thermal
processing of our samples, Hre (which includes the contact resistance) is comparable to that of
CVD grown MoS; monolayers“l and slightly lower than that of exfoliated geological MoS;

crystals.[?

3. Conclusion

In summary, we demonstrated that MoS, monolayers grown by CVD exhibit distinctive
electronic polarizability when different perylene-based molecules are used as seeding
promoters. Thermogravimetric analysis on the molecules indicates that the thermal degradation
of the seed molecules occurs differently with a single (PTAS) or multiple (PFTARG) thermal
events and the presence of various functional groups at CVD working temperatures affects the
MoS. monolayer properties. We observed that the change of the local electronic polarizability,
due to extra-charges trapped in the MoS> monolayers, leads to a modification of the
photoluminescence emission peak, in terms of the spectral position and the relative

exciton/trions radiative recombination. A back-gate FET architecture was used to test the in
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plane electronic properties of the monolayer MoS; channel when shifting from one promoter to
the other. Our results suggest that the modification of the electronic polarizability by perylene
molecular promoter may represent a viable route to tailoring the opto-electronic properties of
MoS: directly during the CVD growth and can provide a perspective for engineered doping

inside a 2D monolayer.

4. Experimental Section

4.1 Seeding promoter synthesis

Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) was prepared by the
alkaline hydrolysis of 3,4,9,10-perylene tetracarboxylic dianhydride (Sigma Aldrich, CAS 128-
69-8). Briefly, 3,4,9,10-perylene tetracarboxylic dianhydride (2.55 mmoles) was added to 200
ml ethanol and stirred at reflux temperature for 30 minutes. After this period of time, while
refluxing, 200 ml 3% KOH aqueous solution is dropwise added. The colour changes from a red
suspension to a green solution. The reaction mixture is refluxed for an additional 12 hours, then
cooled at room temperature. After the reaction mixture was refluxed for 12 h and cooled to
room temperature, ethyl ether was added to the solution until the product precipitates. The
precipitate was filtered and dissolved in deionized (DI) water and added in ethanol. The pure

product is filtered and washed several times with ethanol.

N,N-bis-(5-guanidil-1-pentanoic  acid)-perylene-3,4,9,10-tetracarboxylic  acid  diimide

(PTARG)

Perylene-3,4,9,10-tetracarboxylic dianhydride (1.3 mmol) was added to imidazole (29 mmol)

at 110 °C under vigorous stirring. Arginine methyl ester dihydrochloride (1.8 mmol) was added

12
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to this mixture and intensively stirred for 4 hours. The reaction mixture was cooled down when
a dark red solid precipitates. The precipitate was washed several times with methanol in order
to eliminate the imidazole. A dark red solid is obtained in 75% yield (0,7 g). *H-NMR (dmso-
d6): 8.25 (m, 4H), 7.90 (m, 4H), 4.33 (t, 1H), 4.11 (q, 2H), 3.21 (m, 2H), 1.95 (m, 2H), 1.69

(m, 2H), 1.20 (t, 3H).
4.2 Growth of seed assisted MoS:
Substrate treatment and preparation

Before loading the SiO2 (90 nm)/Si*™* substrates in the CVD apparatus, they were cleaned in
isopropanol, acetone and DI water, then dipped in a piranha solution for 2 hours. After washing
the substrates with DI water and drying by means of a nitrogen flux, a 100 uM solution of
seeding promoter (in DI water) was repeatedly spread by drop casting on the SiO; placed on a

hot plate (90°C) for solvent evaporation.

Material growth

MoS:; crystals were grown on SiO2 (90 nm)/ Si** substrate in a CVD apparatus (planarTECH
LLC) using a quartz tube as reaction chamber and two furnaces as upstream and downstream
heating zones. In the upstream zone we loaded 200 mg of sulfur powder (99.998%, Sigma-
Aldrich), while ~24 cm away, in the downstream region, 1 mg of MoO3z (99.98%, Sigma-
Aldrich) was placed in a quartz boat. The substrate was placed directly on top of the boat, facing
the MoOs powder. Before starting the CVD process, the system was pumped down to a pressure
of 3 x 10 mbar then purged with 1000 sccm high purity argon for several minutes. The two
furnaces were heated up following the thermal ramps summarized in Figure S1 in Supporting
Information. The maximum temperature reached in the upstream furnace (sulfur region) was

300 °C and in the downstream furnace (MoOz region) was 750°C. The high temperature step
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lasted 25 min under the atmospheric pressure. The system was finally cooled down to room

temperature and 1000 sccm Ar flow was used to remove the reactants.

4.3 Device fabrication

The MoS; FETs were fabricated directly on the growth SiO2 (90 nm)/ Si** substrates. The back
of the substrates was used as a global back-gate. The MoS, FETs were patterned by electron-
beam (e-beam) lithography using different types of poly(methyl methacrylate) resists. The
MoS: channel (width W = 8 um) was defined by plasma etching using SFs (at a base pressure
of 80 mbar, flow rate of 10 sccm, and power of 50 W) for 25 sec. After defining the channel,
the source and drain contacts (60 nm thick Au) were fabricated by evaporating Au in the e-

beam evaporator at a base pressure of 1.2 10 mbar.

4.4 Sample characterization

XPS measurements were performed on a PHI 5600 instrument equipped with a monochromatic
Al Ka x-ray source (energy = 1486.6 eV) and a concentric hemispherical analyzer. The spectra
were collected at a take-off angle of 45° and band-pass energy of 23.50 eV. The instrument
resolution was 0.5 eV. The spectra were aligned using C1s (285 eV) as reference. Raman
spectroscopy measurements were performed in a backscattering configuration employing a
Renishaw InVia spectrometer, equipped with the 514 nm (2.41 eV) line of solid-state diode
laser. The laser radiation was focused on the sample by means of a 50x Leica objective (0.75
numerical aperture), maintaining the incident laser power below 1 mW to avoid sample damage.
The photoluminescence spectra were acquired in a Renishaw InVia spectrometer equipped with
the 633 nm (1.96 eV) line of a HeNe laser. The laser radiation was focused on the sample by

means of a 50x Leica objective (0.75 numerical aperture), maintaining the incident laser power
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below 1 mW to avoid sample damage. The AFM investigation of the samples was performed
in tapping mode operating in an EFM configuration. The AFM-Bruker commercial system was
equipped with conductive Pt/Ir coated tips. The EFM measurements were carried out in a dual
pass scan. In the first scan the topography was acquired with the tip electrically grounded, in
the second scan the phase signal was acquired withdrawing the tip at a lift height of 30 nm
above the surface and applying a DC electrical signal varied in the range 1-7 Volts. Note that
the EFM maps are not affected by topographic artifacts being acquired in a second pass scan.

In the EFM measurements, the phase shift due to the electrostatic force on the tip results: 2%
Qf A 2 i
|tan @| = 2 C1 (2)Vy (Equation 1)

Where Q=120 and k=2.8 N/m are the quality factor and spring constant of the AFM cantilever,
respectively, and C1 " is the spatial second derivative of the electrical capacitance between the

substrate and the conductive AFM tip as a function of the lift height z.

Adopting the model proposed in refs 2221 the AFM tip is modelled as a parallel plate of radius
R at a distance z above the SiO dielectric layer of thickness t=90 nm and dielectric constant

€0x~3.9. The model predicts:
2
C,(2) =5 C'() (z+ —+4)  (Equation 2)

Where A =0 for the SiO2 and A = %with d = 0.7 nm and ¢ , respectively, the thickness and

dielectric constant of the MoS, monolayer. Note that A « gi therefor we neglected this term

ox

in the calculation of the capacitances for the MoS, monolayers.

For the electrical characterization, all MoS, FETs were characterized by Keithley 2611A
source-measure units in FormFactor EP6 and Summit 11000 probe stations in air ambient. The

extrinsic field-effect mobility was calculated as
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i = () () (2) (75) (Equation 3)

where t,, is gate oxide thickness and €,, is dielectric constant of the gate oxide.

Thermogravimetric analysis (TGA) was performed on a PerkinEImer TGA-7 instrument under
a nitrogen atmosphere. Before performing the TGA run, the sample (ca. 1 mg) was held at 50 °C
for 30 min; the scan was carried out from 50 to 750 °C at a heating rate of 20 °C/min. The
residue of the TGA run was oxidized at 800 °C for 10 min under a 35 mL/min flowing air

atmosphere.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author. The
Supporting Information file includes a photo and schematic view of the CVD system used for
the growth of the MoS2 samples. The experimental conditions of the growths are also

summarized. The file includes optical microscope and SEM images of the MoS: crystals.
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Figure 1. (a) Sketch of the chemical vapour deposition process. The inset shows the chemical
formula of the PTAS and PTARG seeding promoter. (b) Raman spectra of the MoS> monolayer
grown by using PTAS (black trace) and PTARG (blue trace). (c) XPS analysis of the Mo 3d
and S 2s core levels. Black squares are raw data, straight curves are fitted components. The
negligible presence of oxide components is marked with “*”. (d) Valence band edge of the

MoS> nanosheets grown on SiO; substrates using the two different seeding promoters and
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commercially available flakes. Panel (¢) zoom-in of the region delimited by the dashed box in

panel (d)
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Figure 2 (a)-(b) SEM images of the MoS> monolayers obtained by using PTAS and PTARG,
respectively. (c)-(d) topographies and phase signals EFM images of the MoS> monolayers
applying a gate voltage, V; = 7V. The MoS; is obtained by using PTAS and PTARG,
respectively. The insets show the height profile of the topography maps. (e) Experimental
configuration of the EFM measurements and plot of the |tg(p)| function at different gate
voltages for the bare SiO» substrate (black trace) and for the MoS> monolayer obtained by using
PTAS (red trace) and PTARG(blue trace). (f) Thermogravimetric analysis (TGA, full line) and

derivate thermogravimetry (DTG, dotted line) curves of PTAS (blue) and PTARG (red).
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Figure 3. Sketch of the bound state of one hole and two electrons, also called trion. (a) and (b)
micro-Photoluminescence (PL) spectra of the triangular MoS; crystals shown in Figure 2 ¢ and
d respectively. The deconvolution of the spectra using Lorentzian components shows the
contribution of the neutral A exciton and the charged A" trion. (¢) The transfer characteristics
(the drain current Ip vs. the back gate-source voltage overdrive Vs - Vrh) of the MoS> FETs in
which the monolayer MoS; channel was grown by using the PTAS (blue lines) and PTARG
(red lines) promoters. The characteristics are plotted for the drain-source voltages Vps of 0.1
and 0.5 V. They are plotted as a function of Vgs - Vru in order to compare the electrical
properties of the FETs at the same carrier density n « Vgs - Vth, which is also displayed in the
plot (the as measured transfer characteristics are shown in Fig. S3 in the Supporting
Information). The FETs have relatively large subthreshold swing Sw (0.55 and 1.1 V/dec for
PTARG and PTAS based FETs, respectively) due to the large thickness of the back-gate oxide
(90 nm). We assumed that the threshold voltage of the FETs was reached at Ip/W = 23 pA/m
(corresponding to Ip = 184 pA) because the drain currents Ip (solid lines) were comparable to

the gate leakage currents I (dashed lines) for lower drain currents. The both types of FETs have
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a similar on/off ratio of ~ 3x10* in the range of the carrier density from 0 to ~ 4x10%*2 cm™. The

inset shows an optical image of the PTAS MoS» FET.

MoS2 monolayers are obtained by chemical vapour deposition using homemade perylene-based
seeding promoters. The monolayers exhibit promoter-dependent electronic polarizability,
which impacts on the photoluminescence trion/exciton emission and on the electrical
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performances of back-gated field-effect transistors. Varying the molecular promoter in a pre-
growth stage, the MoS; opto-electronic properties can be engineered.

Keyword monolayer MoS», seeding promoters, electronic polarizability, thermogravimetric
analysis, perylene diimides
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Figure S1. Photo and schematic view of the CVD system used for the growth of the MoS»
samples. The two furnaces for the evaporation of the sulfur and molybdenum oxide
precursors are shown. The experimental conditions of the growth are summarized in the

plot and in the list.
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Figure S2. In the top panels, OM images of the triangular monolayer domains obtained by
means of the CVD growth. In the bottom panels, MoS: layers visualized at different SEM

magnification.
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Figure S3. As measured transfer characteristics of the PTAS and PTARG based MoS>
FETs. The characteristics are plotted for the drain-source voltages Vps in the range from
0.1 to 0.5 V with a step of 0.1 V. PTAS based FETs exhibit larger threshold voltage Vtn
compared to PTARG based FETs.
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Figure S4. The extrinsic field-effect mobility of the PTAS and PTARG based MoS: FETs

as a function of the carrier density (corresponding to the carrier density in Fig. 3c).
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