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Abstract: In this work, we report the contact potential difference measured by Kelvin probe force
microscopy of phosphorus-doped Si/MoS,/graphene and Si/MoS,/GO with different thicknesses
deposited using micro drop casting and chemical vapor deposition. Doping with 15% phosphorus
increased the surface potential of the layers. The readings obtained were from -722.27 to +340.46,
showing that layer orientation is equally important as layer thickness when designing multilayer two-
dimensional systems where surface potential is considered. The number of layers is essential to forming
metal contacts for fabricating future MoS;-GO-based devices.
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1. Introduction

The various 2D materials' qualities make them attractive candidates for a wide range of
applications, which is why there is so much interest in them. Furthermore, the creation of
composite, on-demand materials known as van der Waals heterostructures—which capitalize on
the properties of those materials to produce functions that would not otherwise be possible—is
made possible by combining 2D crystals. For instance, the precise mixing of 2D materials creates
new avenues for investigating novel applications [1-5].

Molybdenum disulfide and graphene as representative 2D materials have been widely
studied recently. Its special physical and chemical properties have attracted interest in them. The
combination of bidimensional materials may offer new application opportunities due to their
synergistic properties[6-10].

At present, MoS,-based heterostructures as building blocks have been studied. The
MoSz/graphene and analog heterostructures are a hot research issue today.

Van der Waals (VdW) heterostructures have been proposed to modify two-dimensional
layered materials with desired properties, thus greatly extending the applications of these
materials [11-13]. By combining MoS./graphene or MoS2/GO, higher electron transfer to MoS>
can be obtained, giving advantages for many applications [14]. Some works have reported an
improved sensing performance of these materials [15-18]. Including the electrochemical
performance of phosphorus-doped graphene/MoS; [19- 22].
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In a recent study, Rana et al. (2023) [23] showed MoS; and rGO nanocomposites-based
electrochemical sensors for detecting mercury ions.

In another study, Le et al. (2023) [24] developed a hybrid nanofluid containing graphene
oxide and molybdenum disulfide nanoparticles with engine oil-based fluid. This shows that the
synergy of the two materials shows promise for various applications.

In this study, we investigate the electronic potential of phosphorous-doped
MoSz/graphene and MoS2/Go heterostructures using the Kelvin Probe Field Microscopy
technique.

2. Materials and Methods

2.1. Molybdenum disulfide synthesis.

The synthesis of MoS; was carried out in the register under patent MX-a-2017-016742.
The raw materials were MoOs and sulfur powder; these were put into a tube furnace at 600°C
under N2 flow. Afterward, a post-treatment via recrystallization was performed at 800°C for 1 h.
After the sulfurization and recrystallization processes, the furnace was left to cool down to room
temperature under N2 flow, and the final MoS; powder was obtained.

For doped MoS; synthesis, a dopant precursor was introduced during the growth step and
mixed with sulfur powder at two different concentrations (5 and 15% phosphorous).

2.2.Graphene oxide synthesis.

All the chemical reagents used to synthesize GO were purchased from Sigma-Aldrich.
For the synthesis of GO, the mineral graphite was the raw material, while sulphuric acid (H2SOa,
>95%), nitric acid (HNO3z, 68-70%), and potassium permanganate (KMnQ4, >97%) were the
oxidant reagents. For the synthesis, graphite was added to a concentrated solution of
H2SO4/HNO3 (volume ratio 3:1) according to the methodology registered by the group of
synthesis and modification of nanostructures and bidimensional materials. This mixture was
sonicated for 30 minutes at a constant temperature before the oxidation process began. Potassium
permanganate was added at a ratio of 1:7 concerning the mass of graphite. The solution was
heated to 70°C and stirred for 24 hours. Finally, hydrogen peroxide was added to the solution to
stop the oxidation process, and it was washed with deionized water until pH =7. The niobium
oxide was obtained from CBMM and was used without purification.

2.3. Graphene and niobium oxide deposition.

The graphene and niobium deposition was carried out in an RT-CVD from Annealsys
with the beginning conditions from previous investigations and adjustments for copper
electrodes as substrate. High-purity nitrogen, hydrogen, and methane gases were added to the
growth process at 1x102 Torr pressure. The growth process begins when the temperature is raised
to 950°C. An atmosphere of methane (10 sccm) mixed with 1000 sccm of nitrogen and hydrogen
was necessary for film growth. The growth time was 15 minutes; after this time, the cooling step
was carried out from 950°C to room temperature (RT).

2.4. Heterostructures obtention by single droplet assembly.

Inthisassay, 1 micro drop (2 uL) containing colloidal suspensions of pure MoS; and with
phosphorus doping at 5 and 15% and GO (liquid-liquid phase) was dripped on plates of polished
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crystalline silicon and also copper measuring approximately 1 x 1 cm. Previously, MoS; and GO
nanoparticles were added to 5 ml of deionized H20O and 200 pL of ethanol for dilution. The
aqueous suspension was sonicated for 20 minutes to homogenize the mixture. The microdrop was
deposited using a micropipette, and for evaporation of the colloidal suspension, the Si and Cu
plates were heated at 100-120°C for 1-3 minutes (SHI et al., 2020). After evaporating the
solvent, the sediments were deposited on the plate, obtaining depositions of superimposed
monolayer films of Si+MoS>+GO and Si+MoS,+ monolayer graphene, and Cu+MoS>+GO and
Cu+MoS,+monolayer graphene.

2.5. Heterostructures obtained by chemical vapor deposition.

The films were synthesized on SiO2/Si and Cu substrates in a blast furnace, and some
samples were doped with 5% and 15% phosphorus to verify their energy potential. The
depositions were performed on silicon plates (1 x 1 cm) using a quartz tube oven (Lindberg Blue
M, Thermo Scientific). Subsequently, graphene and niobium layers were deposited on the copper
electrodes using a fast thermal processor (RTP-system, AS-micro Annealsys) with preheating at
750°C and reaching 950°C in a quartz tube using several gases with the following control
parameters: N2 (1000 ccm), H2 (10 ccm), and CHa (5 ccm).

Figure 1 shows the graphical representation of layered depositions and analysis
procedures:

samples via microdrop
and cvd depositions

. Graphene CVD . \

MoS2/GO
Si-Cu substrate

Figure 1. Graphical representation of the deposited layers and analysis procedures.
3. Results and Discussion

With quantitative information from KPFM, a profile across the scratching channel
between the heterostructures deposited over the Si substrate was made. KPFM profiles were

https://biointerfaceresearch.com/ 30f8


https://doi.org/10.33263/BRIAC145.118
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC145.118

collected from different positions for the same sample. The contact potential difference (CPD)
between the tip and sample surface can be defined as follows:

CPD = ¢t — ¢s/e 1)

Where tand jsare the work functions of the conductive AFM tip and sample, respectively,
and e isthe elementary charge [15].

Figure 2 shows the Raman spectrum of samples:
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Figure 2. Raman spectrum of the sample.

Table 1 presents the surface potential mapping of the KPFM analysis for the studied
samples:

Table 1. Surface potential mapping using KPFM
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Insimilar research, Panchal et al. (2013) [26] found values of VCPD1-2LG = 150 mV for
the surface potential measurements of graphene domains. Also, corroborating with the results
found by Wang et al. (2023) [27] for values including 5% phosphorus doping.

According to Robinson et al. (2018) [28], variations in graphene’s Fermi energy, or
charge carrier density, induce shifts in the Raman G peak position (I'G). Fundamentally,
deviations in I'G result from electron-phonon coupling and bond stiffness changes. Already for
molybdenum disulfide, the Fermi energy variations were recently studied and described by Jones
et al. (2022) [29].
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According to Kumar et al. (2016) [30], the main peak (A) at ~185 mV corresponds to
VOC values obtained from the graphene layer, and the lower intensity peak (B) corresponds to a
lower value of VOC (=160 mV) at points lying on defect regions. The same was verified in this
study. Lower VOC regions are not desirable and are responsible for an overall decrease in the
performance of devices. Therefore, it is important to investigate the local factors responsible for
VOC variations. Similar values were recently found and described in research by Bangu et al.
(2023) [31] when analyzing MoS,/graphene composites.

4. Conclusions

Molybdenum disulfide (MoS) is a favorable candidate to be combined with several
carbon-derived nanomaterials to obtain new hybrid nanostructures with excellent
physicochemical and electronic properties. The design and production of new two-dimensional
heterostructures using modern techniques present a promising perspective for current
nanotechnology.

The combination of two highly versatile materials, graphene oxide and molybdenum
disulfide, forms layered GO-MoS; hybrids that present great potential for detection applications
such as sensors.

While graphene is chemically inert as it is a gapless semimetal, its iso-structural analog
MoS: is chemically versatile with band gaps, thus finding significant use in many applications.
Therefore, designing the structure and/or density of boundary and grain boundaries into 2D
materials isa promising way to customize their performance. Grain boundary boundaries in two-
dimensional material layers impact their electrical properties, optoelectronics, and mechanics.

Therefore, it is worth investigating the availability of simple approaches for synthesizing
and characterizing these 2D heterostructures. This work aimed to study the synthesis and
characteristics of two-dimensional heterostructures (2D/2D) using pure molybdenum disulfide
(MoS>) and doped with phosphorus at 5 and 15% combined with graphene oxide and graphene
CVD. These heterostructures were deposited on silicon and copper substrates via micro drop and
CVD.

The chemical and structural information of the samples were evaluated by Raman
spectroscopy, Energy Scattering X-ray Spectroscopy (EDS), Scanning Electron Microscopy
(SEM), and Kelvin Probe Force Microscopy (KPFM). The results prove the synergy between the
materials, resulting in electronic coupling and making this system potentially applicable to
electronic devices. The two methodologies studied proved to be viable: the deposition of
MoS,+GO in the liquid-liquid phase, the microdroplet deposition technique proved to be simple
and practical, presenting ease of replication, and the deposition in the solid-liquid phase
(graphene+MoS;) presented the deposition of good quality graphene.

The Raman spectrum revealed peaks at 1350 and 1588 cm™ for the D and G bands due to
phosphorous doping of MoS2/GO. The D band corresponds to the scattering of defects or local
disturbances presentinthe carbon, and the G bands originate from the tangential elongation in the
plane of the C—C bonds in the graphitic structure. MoS2 exhibited characteristic bands at 379 and
406 cm™ 2, corresponding to the first order E12g and Alg mode of the 2H phase.

The atomic element concentration was C 70.82%, O 18.25%, 3.74%, Si 5.77%, Mo
1.41%, and the mass concentration of the elements was in the order of C 54.53%, O 18.72%, S
7.69%, Si 10.39%, and Mo 8.67%.

The morphological analysis revealed the growth of MoS; crystals in the shapes of rods,
nano-flowers, and pyramids and good formation in the graphene grain boundary.
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KPFM analysis revealed that the number of layers deposited was from 1 to 10, with the
band shift characterized by an interfacial dipole at the vertical MoS,/GO junction. Surface PV
images reveal some surface defects and show the material is between —21.0 meV and 3.66 V.
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