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Combination of two dimensional graphene and semi-conducting molybdenum disulfide (MoS2) is

of great interest for various electronic device applications. Here, we demonstrate fabrication of a

hybridized structure with the chemical vapor deposited graphene and MoS2 crystals to configure a

memory device. Elongated hexagonal and rhombus shaped MoS2 crystals are synthesized by sulfu-

rization of thermally evaporated molybdenum oxide (MoO3) thin film. Scanning transmission elec-

tron microscope studies reveal atomic level structure of the synthesized high quality MoS2 crystals.

In the prospect of a memory device fabrication, poly(methyl methacrylate) (PMMA) is used as an

insulating dielectric material as well as a supporting layer to transfer the MoS2 crystals. In the fab-

ricated device, PMMA-MoS2 and graphene layers act as the functional and electrode materials,

respectively. Distinctive bistable electrical switching and nonvolatile rewritable memory effect is

observed in the fabricated PMMA-MoS2/graphene heterostructure. The developed material system

and demonstrated memory device fabrication can be significant for next generation data storage

applications. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903552]

I. INTRODUCTION

Significant interest has been given to two dimensional

(2D) materials after the discovery of graphene, considering

the fascinating electronic properties for novel device applica-

tions.1–4 Besides graphene related materials, quasi-two-

dimensional transition metal dichalcogenides (TMDCs) are

gaining lot of attention due to presence of a band gap for

practical electronic device applications.5–8 Among various

TMDCs, molybdenum disulfide (MoS2) is of great interest

for next generation field effect transistors (FETs) and optoe-

lectronic devices owing to presence of a direct band gap

(�1.85 eV) in monolayer; whereas an indirect band gap

(�1.29 eV) is observed in bulk state.5,9–11 Fabrication of

FETs, sensors, phototransistors, and energy storage devices

have been demonstrated using monolayer and few-layer

MoS2.11–17 Excellent on/off ratio (�108) in a FET device

with high carrier mobility has been obtained due the pres-

ence of direct band gap, whereas on/off ratio is significantly

poor in sp2 hybridized graphene.12 Recently, heterojunction

of graphene and MoS2 has been significantly explored to

take the advantage of metallic and semiconducting properties

of the respective materials.18,19 Multifunctional photorespon-

sive memory device has been demonstrated with a graphene-

MoS2 hybridized structure.20 Again, non-volatile memory

device based on FET device has been fabricated with gra-

phene, hexagonal boron nitride, and MoS2 stacked 2D

materials.21,22

Considering the rapid development of 2D materials for

next generation device applications, several methods have

been explored to derive or synthesized MoS2 layers.5,11,23–28

There have been efforts to produce monolayer and few-layer

MoS2 by micromechanical exfoliation process.5,11 MoS2

layers were also derived with intercalation-assisted and

solution-based chemical exfoliation process.23,24 On the

other hand, hydrothermal method, physical vapor deposition,

electrochemical synthesis, and chemical vapor deposition

(CVD) techniques were developed to synthesize MoS2

sheets.25,26 Similarly, large-area uniform growth of MoS2

layer has been achieved by sulfurization of Mo and molybde-

num oxide (MoO3).27,28 In the sulfurization process, assem-

bling the atoms on an arbitrary substrate to obtain a

controlled or patterned MoS2 structure in a large-area can be

most significant. Controlled synthesis of MoS2 crystals in

large-area is one of the important aspects for its integration

in photovoltaic, phototransistors, and memory device appli-

cations. In contrast to previous reports, we demonstrate syn-

thesis of elongated hexagonal and rhombus shaped MoS2

crystals by sulfurization of MoO3 thin film and fabrication of

poly(methyl methacrylate) (PMMA)-MoS2/graphene hetero-

structure memory device. In the fabricated device, PMMA

layer plays a dual role of supporting layer for transfer pro-

cess and as an insulating dielectric in the memory device.

The developed material system and observation of bistable

electrical switching effect can be significant for development

of future generation of non-volatile memory devices.

II. EXPERIMENTAL

In this study, MoO3 (purity� 99.0%) and S

(purity� 98.0%) powder purchased from Wako chemicals

were used for synthesis of MoS2 crystals. MoO3 thin film

with optimized thickness was deposited on a SiO2/Si
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substrate by thermal evaporation. The MoO3 thin film coated

on SiO2/Si substrate was placed in a CVD furnace under the

flow of 80 sccm Ar and 20 sccm H2 mixture, whereas S pow-

der was kept at room temperature zone. When the hot zone

reached to desired temperature (�650 �C), S powder was

evaporated at 300 �C. Subsequently, the furnace heater was

turned off after finishing the S powder evaporation, and the

sample was left in the chamber to cool down. Graphene film

synthesized on Cu foil by an atmospheric pressure CVD was

used for device fabrication and transferred onto a SiO2/Si

substrate. Synthesized MoS2 film was coated with PMMA

solution of 1 mg/ml in acetone, as the supporting layer for

the transfer process. Etching of the PMMA coated MoS2

layer from SiO2/Si substrate was achieved with an 11 M

NaOH solution at 100 �C. A memory device was configured

with the PMMA-MoS2 transferred layer on graphene film. A

top gold electrode (�25 nm) was deposited on PMMA-MoS2

layer to complete the device structure. Synthesized MoS2

crystals were characterized by Raman and UV-visible

absorption spectroscopy. Raman studies of MoS2 crystals

and graphene film were carried out with NRS 3300 laser

Raman spectrometer with a laser excitation energy of

532.08 nm. UV-visible absorption spectroscopy was carried

out with JASCO V-670 K spectrophotometer. Transmission

electron microscope (TEM) images were taken by JEOL

JEM 2100, operated at 200 kV equipped with an element an-

alyzer. Scanning transmission electron microscope (STEM)

studies of MoS2 crystals were carried out by JEM-ARM

200F. Optical microscopy studies of graphene and fabricated

heterostructure were carried out with VHX-500 digital

microscope. Scanning electron microscope (SEM) study was

carried out with Hitachi S-4300 operated at an acceleration

voltage 20 kV. The MoO3 film and Au electrode were depos-

ited by thermal evaporation technique using ULVAC VPC-

260F. Current-voltage (I-V) characteristic measurements

were carried out using two probe system and Keithley 2401

Source Meter.

III. RESULTS AND DISCUSSION

Figure 1(a) shows Raman spectra of as-synthesized

MoS2 layer by the sulfur reaction process of MoO3 thin film.

Two characteristic peaks at 409.8 and 385.6 cm�1 are

observed corresponding to A1g mode associated with out of

plane vibration of sulfur atoms and E2g mode related with in-

plane vibration of Mo and sulfur atoms. Broadening of the

Raman peaks is considered to be due to phonon confinement,

as well as signifying smaller lateral size of the synthesized

MoS2 crystals. Again, the frequency difference between the

A1g and E2g modes is found to be 24.2 cm�1, corresponding

to growth of few-layer structure. While, the frequency differ-

ence has been found to be around 20.4 cm�1 for a CVD syn-

thesized monolayer MoS2.29 Figure 1(b) shows UV-visible

spectra of the transferred MoS2 film on glass substrate. Two

prominent absorption peaks are observed at 628 and 680 nm

corresponding to direct excitonic transitions. It has been

reported that the peak positions of the absorption spectra cor-

responding to the direct excitonic states can varies with

change in number of layers.8 For monolayer and few-layer

MoS2, the two exciton peaks show blue-shift due to quantum

confinement effect as the thickness of the crystal decrease.30

The crystallinity and structural morphologies of the syn-

thesized MoS2 crystals were investigated by TEM studies.

Figures 2(a) and 2(b) show TEM bright-field images of

as-synthesized MoS2, presenting elongated-hexagonal and

rhomboidal shape of the crystals. Previously, rhomboidal

shaped MoS2 flakes has been grown using a MoO2 micro-

crystals as template; however, formation of elongated-

hexagonal flakes were not observed.31 The shape of a crystal

is determined by the growth rate of different crystal faces. In

FIG. 1. (a) Raman spectra of as-

synthesized MoS2 crystals by sulfur

reaction process of thermally evapo-

rated MoO3 thin film. (b) UV-visible

spectra of the transferred MoS2.

FIG. 2. TEM bright-field images of synthesized MoS2, presenting (a)

elongated-hexagonal and (b) rhomboidal shapes. (c) Few-layer structure

with a layer spacing of about �0.65 nm. (d) SAED pattern taken from the

MoS2 crystal, presenting the hexagonal symmetric structure.
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this prospect, the slowest growing face become largest,

whereas faster growing face can become smaller or disap-

pear. In a CVD process, the shape of MoS2 crystals can

change depending on the Mo:S ratio, substrate position and

flow direction significantly influencing the growth kinetic of

edges.32 Figure 2(c) shows layer numbers of a hexagonal

flake as obtained at the folded edge. The MoS2 crystal with

four layers shows a layer spacing of about 0.65 nm. Figure

2(d) shows selected area electron diffraction (SAED) pattern

taken from the MoS2 crystal, presenting the hexagonal sym-

metric structure. The SAED pattern also shows the (100) and

(110) lattice planes of the MoS2 crystals. Recently, large-

area MoS2 thin layer has been synthesized by two step ther-

mal reduction and sulfurization process of MoO3 thin film.33

In contrast to previous finding, we demonstrate synthesis of

hexagonal and rhombus shaped MoS2 crystals with a sulfuri-

zation process of MoO3 thin film.

The structural morphology was further analyzed with ab-

erration corrected STEM high-angle annular dark-field

(HAADF), also known as Z-contrast imaging. At the edge of a

MoS2 crystal, we can observe the atomic structure of a single

layer as shown in Figure 3(a). The Mo and S atoms can be

directly identified from the contrast of the image, signifying

highly ordered and crystalline MoS2 layer. Figure 3(b) shows a

Fourier-filtered image corresponding to the HAADF image,

presenting better view of the lattice structure of the MoS2

layer. The Mo atoms show higher contrast than that of S

atoms. In the inset of figure, we present the atomic arrange-

ment of Mo and S atoms to form a MoS2 layer. Figure 3(c)

shows cross-section HAADF image of the synthesized few-

layer MoS2 crystal, presenting high quality lattice structure.

Figure 3(d) shows the corresponding Fourier-filtered image of

the cross-section HAADF image, where direct evaluation of

the lattice constant is possible. Inset of the figure shows line

profile across the filtered image as marked in Figure 3(d). A

lattice constant around �0.312 nm is estimated from the line

profile for the MoS2 crystal.

Figure 4(a) shows transfer process of the synthesized

graphene and MoS2 crystals for the fabrication of heterojunc-

tion memory device. High quality graphene synthesized on

Cu foil by the solid precursor based CVD process was trans-

ferred onto a SiO2/Si substrate. Figure 4(b) shows an optical

image at the edge of the transferred graphene film. From the

color contrast, the graphene film can be directly identified on

the SiO2/Si substrate. Figure 4(c) shows Raman spectra of

the graphene film. Graphitic G and second order 2D Raman

peaks are observed at 1589 and 2700 cm�1, respectively. The

ratio of G to 2D peak intensity (IG/I2D) is found to be around

1.3, signifying presence of more than single layer graphene.

The synthesized MoS2 crystals coated with PMMA solution

was then transferred on the high quality graphene. Figure

4(d) shows an optical microscope image of the transferred

PMMA-MoS2 on graphene film. The layer-by-layer trans-

ferred PMMA-MoS2 on graphene can form a close contact

hybridized heterostructure with strong van der Waals inter-

action. Figure 4(e) shows a top-view SEM image of the

PMMA-MoS2 hybrid structure. PMMA coating can hold

MoS2 crystals together and at the same time act as the dielec-

tric interface for memory device. The dual role of PMMA in

the MoS2 crystals and CVD graphene based memory device

has not been explored. Hence, it is an interesting aspect of

the developed material system, which can be integrated for

the memory device application.

Figure 5(a) shows a schematic diagram of the fabricated

PMMA-MoS2/graphene heterostructure as a memory device.

In the fabricated device, PMMA-MoS2 hybrid structure is

the functional material, whereas the continuous CVD gra-

phene film acts as the electrode. Figure 5(b) shows a typical

I–V characteristic of the PMMA-MoS2/graphene heterojunc-

tion device. Increasing the applied potential (V) from 0 to

5 V, the current increases gradually (stage I), while an abrupt

increase in current occurred from 0.052 mA to 0.127 mA

(stage II). This indicates transition of the device from a high

resistance state (HRS) to low resistance state (LRS). The fab-

ricated heterojunction shows good stability in the LRS dur-

ing the subsequent voltage sweep in stages III and IV,

signifying the nonvolatile memory effect. Repeated measure-

ments also show identical device characteristics in the devel-

oped heterostructure material system. A device fabricated

with higher amount of PMMA solution casted on the MoS2

crystals shows much higher on/off ratio as shown in

Figure 5(c). Abrupt increase in current is observed from

stage I to stage II with an on/off ratio as high as 2.5� 103.

FIG. 3. (a) HAADF image of a MoS2 crystal at the edge. (b) Fourier-filtered

image corresponding to the HAADF image, presenting better view of the lat-

tice structure. In the inset of figure, atomic arrangement of Mo and S atoms

to form a MoS2 layer is presented. (c) Cross-section HAADF image of few-

layer MoS2 crystal. (d) Corresponding Fourier-filtered image of the cross-

section HAADF image. (e) Line profile across the filtered image as marked

in Figure 3(d).
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The memory characteristic of the fabricated device can be

attributed to charge trapping and detrapping behavior of

MoS2 in presence of PMMA. The lowest unoccupied molec-

ular orbital (LUMO) and highest occupied molecular orbital

(HOMO) levels of PMMA are around �1.8 eV and �7.3 eV,

respectively, with an energy gap of �5.5 eV.34 Again, Few-

layer MoS2 have low electron affinities of around �3.0 eV,

with a band gap in the range of 1.4–1.8 eV. Hence, it will

create a large electron and hole injection barrier with an

applied potential. Charge transfer occurs between the

FIG. 4. (a) Transfer process of the syn-

thesized graphene and MoS2 crystals

for the fabrication of heterojunction

memory device. (b) Optical micro-

scope image and (c) Raman spectra of

the transferred graphene. (d) Optical

microscope image of the transferred

PMMA-MoS2 on graphene film. (e)

Top view SEM image of the PMMA-

MoS2 hybrid structure.

FIG. 5. (a) Schematic diagram of the

fabricated PMMA-MoS2/graphene het-

erostructure as a memory device. (b)

and (c) Typical I-V characteristic of

the PMMA-MoS2/graphene hetero-

junction device varying the amount of

PMMA solution coated on MoS2 film.
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PMMA and MoS2 crystals in the hybridized structure, subse-

quently trapping of charge in MoS2 due to its lower energy

level and quantum confinement effect. In the demonstrated

device, top electrode and PMMA-MoS2 functional material

composition is still unoptimized, which provide ample op-

portunity for fabrication of an efficient memory device.

This nonvolatile rewritable feature of the fabricated PMMA-

MoS2/graphene heterojunction device can be used as electri-

cally bistable material in the flash memory device. The

demonstrated MoS2 crystal synthesis process and their inte-

gration to fabricate heterojunction memory device can be

significant prospect for memory device applications.

IV. CONCLUSION

In summary, we have demonstrated the synthesis of

elongated hexagonal and rhombus shaped MoS2 crystals by

sulfurization of thermally evaporated MoO3 thin film. TEM

and STEM-HAADF studies were performed to reveal the

atomic level structure of the synthesized high quality MoS2

crystals. A hybridized structure of graphene and MoS2 was

fabricated with layer-by-layer transfer process to configure a

memory device. The PMMA layer used for transfer process

of MoS2 film performed a dual role of supporting and insult-

ing dielectric layer in the fabricated memory device. The

memory device was configured with PMMA-MoS2 and CVD

graphene as functional and electrode materials, respectively.

Typical bistable electrical switching and nonvolatile rewrit-

able memory effect was observed in the fabricated PMMA-

MoS2/graphene heterostructure. An on/off ratio as high as

2.5� 103 was obtained in the fabricated PMMA-MoS2/gra-

phene memory device. The memory characteristic of the fab-

ricated device is attributed to the charge trapping and

detrapping behavior of MoS2 in presence of PMMA. The

developed material system and demonstrated memory device

fabrication process can be significant platform for next gen-

eration data storage applications.
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