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The heterostructure consisting of graphene and two-dimensional (2D) crystalline
molybdenum trioxide (MoQs) layers was fabricated through a wet transfer method using
a polymer to transfer the MoOs layers from the mica crystal surface. Using a heating plate
method, this crystalline MoOs was initially grown on mica under normal atmospheric air
conditions. Furthermore, the authors demonstrated that the only MoO3 phase forms on the
molybdenum foil following annealing in air, as confirmed by X-ray photoelectron
spectroscopy (XPS) study. The resulting graphene heterostructure was examined using
optical and atomic force microscopy (AFM). The fabrication method introduced here offers
a cost-effective alternative to the more costly and complex ultra-high vacuum techniques
used for epitaxial layer fabrication. This graphene heterostructure holds potential as

a conductive and transparent anode for the organic light-emitting diode (OLED) technology.

1. Introduction

Since the breakthrough discovery of graphene, two-
dimensional (2D) materials have attracted much attention
due to their extraordinary properties compared with their
bulk counterparts [1,2]. The unique properties of 2D
materials lead to the development of various emerging
applications in electronics, sensors, and optoelectronics [3].
In particular, graphene can be considered as an electrode in
the construction of organic light-emitting diode (OLED)
[4, 5] due to its high electrical conductivity, transparency
in the visible range, and flexibility. However, there is
a major problem regarding the possibility of using graphene
as an anode in the OLED. Namely, the work function of
pristine graphene is too low to be used as an anode [5, 6].
Graphene, depending on the number of layers and the
presence of defects, has a work function in the range of
3.94.8 ¢V [7,8]. To effectively act as an anode in the
OLED, the work function of graphene should be higher
than 5.2 eV [9]. Deposition of transition metal oxide
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(TMO) exhibiting a high working function, such as
molybdenum oxide and rhenium oxides, is an effective
method of work function enhancement. In previous
research, the authors showed that graphene and graphite can
be greatly enhanced by depositing molybdenum trioxide
(MoO3) [10-13] and dirhenium heptoxide (Re2O7)
[7, 9, 14] in ultra-high vacuum conditions. However ultra-
high vacuum deposition process requires a complicated and
expensive scientific apparatus. In contrast, here, the authors
show that the process of MoOj3 deposition on graphene can
be done more easily, at lower cost, and in ambient
atmospheric conditions, using athermal heating plate
method and polymer transfer.

MoO:s has been a subject of intense research leading to
the fabrication of 2D material systems with great
application potential in organic photovoltaics [15], smart
windows [16], energy catalysis [17], photocatalytic activity
[18], electrodes for rechargeable batteries [19], gas sensors
[20], OLEDs [21], and others [22]. Formerly, it was
reported that high-quality crystalline MoOs layers with
thicknesses ranging from 1.4 nm (bilayers) up to several
nanometres can be synthesized on mica (001) in ambient
conditions using a straightforward heating plate method
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[23,24]. The method based on epitaxial van der Waals
growth allows the formation of large crystalline layers with
lateral dimensions of tens of millimeters on mica [23]. In
this method, a freshly cleaved mica is put directly on
a molybdenum foil heated with a heating plate at a relatively
low temperature of 540 °C under ambient atmospheric
conditions. The heating process of a molybdenum foil in air
causes the formation of molybdenum oxide clusters on this
foil. The molybdenum oxide clusters exhibit a much lower
sublimation temperature than elemental molybdenum. At
a temperature of 540 °C, molybdenum oxide clusters
sublimate from molybdenum foil, leading to deposition of
molybdenum oxide on mica placed above molybdenum
foil. Since mica is an inert and dangling-bond-free substrate
that allows high diffusion of molybdenum oxide clusters,
the formation of 2D islands with large lateral dimensions is
observed. X-ray photoelectron spectroscopy (XPS) and
Raman studies showed that 0-MoOs phase is formed on
mica using a heating plate method [23]. Recently, it was
shown that the direct transformation of crystalline MoO; on
mica by sulfurization at 500 —-600 °C into MoS; nanosheets
can be performed simply and effectively [25]. It should be
noted that the heating plate method can also be used for the
growth of MoOj on different substrates, including Si [26],
Au [27], and SiO; [28].

In this paper, the authors demonstrate the growth of
MoOs layers on mica using the heating plate method in air
and the transfer of crystalline MoO; layers from mica to
graphene using a polydimethylsiloxane (PDMS) stamp.
Thus, the heterostructure of graphene with a 2D crystalline
MoOs layer dedicated to OLED device as a transparent
anode has been presented.

2.  Experimental methods

To fabricate 2D crystalline MoOs layers, a clean, freshly
exfoliated high-quality muscovite mica (HQ graphene) was
used. The deposition of MoO3 on mica was carried out from
molybdenum foil with a thickness of about 0.05 mm
(MaTecK GmbH), heated by a heating plate to atem-
perature of 450 °C in the air. Hydrogen-intercalated
double-layer graphene (here referred to as graphene) grown
on a transparent 6H-SiC(0001) substrate (Institute of
Electronic Materials Technology, Poland) [29] was used as
a substrate for transferring MoO; from mica. To transfer
MoO:s layers from mica to graphene, a highly hydrophobic
polymer stamp made of commercially available visco-
elastic PDMS (Gelfilm by Gelpak) was used.

To characterise the morphology of MoO3 on mica and
MoO; on graphene atomic force microscopy (AFM), a study
was performed under ambient air conditions in a semi-
contact mode by the use of an Ntegra Aura microscope with
an NSGO1/Au cantilever (NT-MDT). Optical microscope
images were collected by an wupright metallurgical
microscope (Huvitz).

The XPS analysis was performed using a non-
monochromatic X-ray radiation at 1253.64 eV (Mg Ka)
from a DAR 400 source lamp (Omicron). This setup was
paired with a Phoibos 150 hemispherical electron energy
analyser (SPECS) and a 2D-CCD detector. Background
subtraction was carried out using the Shirley method.

3. Results

The authors first conducted an XPS study to determine the
stoichiometry of pristine molybdenum foil and molyb-
denum foil after annealing. It was crucial to examine the
oxide phase formed on the foil surface after prolonged
heating and understand how the annealing treatment
changes the properties of the molybdenum foil. Figure 1
shows the XPS spectra of the Mo 3d core level for both
pristine molybdenum foil and foil annealed at 450 °C for
12 h. During peak fitting of the Mo 3d spectra, a charac-
teristic 3ds»,—3ds» doublet, corresponding to a single
oxidation state, was fixed with an energy splitting of 3.1 eV
and relative integrated peak areas of 3:2 due to spin-orbit
coupling. For the oxide molybdenum component, peak
fitting was performed using mixed Gaussian/Lorentzian
line shapes [GL(70)] with a full width at half maximum
(FWHM) ranging from 1.2 to 1.4 eV. For the metallic
molybdenum component, an asymmetric Lorentzian line
shape, specifically LA(1.1,5,11), was used to fit the peak.
This approach accounts for the inherent asymmetry
observed in the spectral features characteristics of metallic
states. The FWHM parameter was fixed at 1.0 eV.
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Fig. 1. XPS core level spectra of Mo 3d region for pristine
molybdenum foil and molybdenum foil annealed at
450 °C for 12 h. For pristine foil, both metallic and
MoOs components are observed. MoOs phase is only
formed on foil after annealing at 450 °C for 12 h.

For pristine foil, the XPS spectra peak fitting indicates
the presence of 3ds», and 3ds» spin-orbit doublet peaks at
binding energies of 227.8 and 230.9 eV, respectively. This
confirms that the pristine foil contains metallic
components. Additionally, peaks at binding energies of
232.4 and 235.5 eV were observed, indicating the presence
of the MoO3 phase in the pristine foil. This agrees with
reference works from the literature and the authors’
previous reports [10, 13].

The stoichiometry of the surface of molybdenum foil
changes radically after heating at 450 °C for 12 h in
ambient air. After annealing, the molybdenum foil shows
only the presence of 3ds, and 3d3/, spin-orbit doublet peaks
at binding energies of 232.4 and 235.5 eV, respectively.
This indicates the presence of only the MoO; phase on the
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surface of the molybdenum foil after annealing. This
observation proves that only MoOs clusters from annealed
molybdenum foil can sublimate, leading to the formation
of only MoOs layers on mica.

Next, the authors slightly modified the procedure of
MoOs growth on mica presented by Molina-Mendoza et al.
[23]. First, an annealed molybdenum foil was placed on the
heating plate at 450 °C under ambient air conditions. Then,
the freshly cleaved exfoliated mica was placed at a distance
of about 1 mm from molybdenum foil using ceramic
spacers to allow ambient air to circulate for 24 h. After that,
mica was removed from the heating plate, cooled down to
room temperature, and characterised by an optical micro-
scope and AFM.

In the second step of heterostructure fabrication, a highly
hydrophobic polymer stamp of PDMS was placed on the
surface of MoOj3 layers grown on mica and pressed against
the MoO; layers. The MoOs layers and PDMS polymer
were bonded during compression due to adhesion bonds. In
the third step, the surface of mica, together with the MoOs
layers and the polymer stamp, was placed in demineralized
water. Due to the highly hydrophilic nature of the mica
surface, water molecules penetrated the region between the
mica and MoOs layers. This caused rapid, spontaneous
detachment of MoO; layers from the mica surface. As
a result, MoOj3 layers adsorbed onto a polymer stamp were
obtained. The polymer stamp, together with the MoOs
layers, was dried gently in a nitrogen stream. Then, the
dried polymer stamp and MoOs layers were pressed against
the graphene. In the final step of heterostructure
fabrication, the polymer stamp was gently detached from
the graphene surface. Due to the greater adhesion of the
MoO:s layers to graphene than to the polymer stamp, most
of the MoOs layers remained on the surface of graphene.
As a result of the wet transfer process, the authors obtained

a heterostructure of graphene with crystalline MoOjs layers.
An optical microscope and an AFM then characterised the
graphene heterostructure.

Figures 2(a) and (b) show optical microscope images of
MoOj3; macroscopic crystals grown on a mica surface from
molybdenum foil using the heating plate method at 450 °C
for 24 h under ambient air conditions. The mica substrate
symmetry determined the growth of MoOs crystals.
Additionally, Figure 2(c) shows extended 2D ultra-thin
layers of MoO3; on mica. Since mica is transparent, the
ultra-thin layers are poorly visible. More details about
ultra-thin layers can be obtained from AFM study.
Figures 2(c) and (d) show AFM images of MoOj ultra-thin
layers grown on mica. The AFM observation shows the
formation of high-quality crystalline layers reflecting mica
symmetry, with a thickness ranging from 1.6 nm (bilayer)
to several nanometers on the surface of mica. Figure 2(d)
shows an AFM image of a MoOjs bilayer with a thickness
of 1.6 nm. The authors define a MoOs bilayer as consisting
of two octahedral layers stacked via van der Waals inter-
actions, with each layer connected to the adjacent one. This
bilayer structure extends over two unit layers along the
b-direction resulting in a total thickness of 13.8 A, corre-
sponding to the full b-axis lattice parameter of bulk
a-MoO:s. It was noticed that the MoOs bilayer formation on
mica is preferred in the deposition process at 450 °C for
24 h. Additionally, the authors noticed that longer deposi-
tion time leads to thicker MoOs layers. It should be noted
that, for shorter deposition time, the authors occasionally
observed the formation of very small, atomically-flat
islands with a thickness of about 0.8 nm (monolayer).

Figures 3(a) and (b) show optical microscope images of
heterostructure consisting of MoQj transferred from mica
to graphene surface by a PDMS stamp. It was noticed that
both macroscopic crystals and ultra-thin layers of MoOs3

Fig. 2. (a) Optical microscope image of MoOs crystals grown on mica. (b) Optical microscope image of crystals and 2D ultra-thin layer
of MoO; grown on mica. (c) AFM topographic image of 2D ultra-thin layers of MoOs; grown on mica. (d) AFM topographic image
of a high crystalline quality MoOj bilayer with a thickness of 1.6 nm.

Fig. 3. (a) Optical microscope image of MoOs crystals transferred on graphene from mica using PDMS stamp. (b) Optical microscope
image of crystals and 2D ultra-thin layers of MoOjs transferred on graphene from mica. (c) AFM topographic image of 2D ultra-
thin layers of MoOj transferred on graphene from mica. (d) AFM topographic image of defects (cracks, wrinkles, and bubbles) of
MoO; layer with a thickness of 3.3 nm formed after MoOj; transfer on graphene from mica.
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were transferred. However, the transfer process reduced the
number of macroscopic MoOjs crystals and ultra-thin layers.
Additionally, Figure 3(b) shows extended 2D ultra-thin
layers of MoOs; on mica. Since graphene on SiC is
transparent, thus ultra-thin layers are very poorly visible in
optical images, as well. Figures 3(c) and (d) show AFM
images of MoOs3 ultra-thin layers transferred from mica to
graphene exhibiting different types of defects such as
cracks, wrinkles, and bubbles. The images also evidence
that the transfer process affected considerably the MoO;
ultra-thin layers. In the transfer process, the ultra-thin
layers were torn into smaller pieces. Figure 3(d) shows
atorn layer with a thickness of 3.3 nm (four layers). The
existence of bubbles is typical in heterostructure fabricated
by the wet transfer method using polymer stamp. This is an
effect of trapping either air or hydrocarbon residues
between the substrate and the 2D material [30].

4.  Conclusions

XPS study shows the formation of only MoO3 phase on the
molybdenum foil surface after annealing of molybdenum
foil under ambient air conditions. The authors fabricated a
graphene heterostructure with 2D crystalline ultra-thin
MoOs layers by a wet transfer process of MoOs using
a PDMS stamp from a mica crystal surface. The crystalline
ultra-thin MoOj layers were grown on mica under ambient
air conditions using a heating plate method. The obtained
graphene heterostructure was characterised by the optical
microscope and AFM techniques. The presented fabrica-
tion method can be a cheap alternative to the expensive and
complicated fabrication method of epitaxial layer growth in
ultra-high vacuum conditions. Additionally, the authors’
graphene heterostructure can be considered as a conductive
and transparent anode in the construction of OLED.
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