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A graphene/NPB structure with Re2O7 as an interfacial layer in the context of its potential
use in the design of an organic light-emitting diode (OLED) is investigated. The X-ray
photoelectron spectroscopy (XPS) study shows the formation of the Re207 phase on
a monolayer graphene on quartz during thermal deposition in ultra-high vacuum (UHV). The
ultraviolet photoelectron spectroscopy (UPS) study shows an enhancement of the work
function of the graphene heterostructure after deposition of the Re2O7 layer up to 5.4 eV. The
hole injection barrier between the Re2O7/graphene heterostructure and the N-bis-(1-
naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine (NPB) layer was estimated to be 0.35 eV,
which is very promising for a good OLED performance.

1. Introduction

It is well known that graphene, being a two-dimensional
(2D) carbon allotrope, has unique electrical, optical,
thermal, and mechanical properties [1]. Therefore, due to
its high electrical conductivity, transparency in the visible
range of electromagnetic radiation, and flexibility, graphene
can be considered an electrode in constructing an organic
light-emitting diode (OLED). A new type of graphene
electrode may shortly replace the standard indium tin oxide
(ITO) electrode in the construction of the OLED [2]. In
addition, it should be emphasized that the flexibility of
graphene makes it possible to consider the use of a graphene
electrode in flexible and rollable displays [3]. The constru-
ction of a flexible OLED display based on an anode made
of ITO is very difficult due to the fragility of ITO.
However, pristine and undoped graphene is not suitable as
an electrode because the work function of graphene is not
matched to the energy levels of the organic layers used for
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OLED fabrication. Graphene, depending on the number of
layers, defects, disorder, and substrate, has a work function
in the range of 3.9-4.8 eV [4-6]. To effectively operate as
an anode in optoelectronic devices, the work function of the
graphene electrode should be significantly increased up to
5.2-5.4 eV. The work function must be at a sufficiently
high level to minimize the potential barrier in the process
of injecting charge carriers, i.e., holes from the graphene
anode into organic layers [5].

Various methods of graphene production exist, based
on both physical processes (mechanical exfoliation of
graphite, sublimation of Si atoms from the SiC surface,
epitaxial growth) and chemical processes [chemical vapour
deposition (CVD) on metallic catalyst substrates, reduction
of graphene oxide] [7]. This opens wide possibilities for the
industrial production of graphene and its optimization in
the context of OLED devices. However, in each of these
cases, the work function of the graphene electrode must be
additionally modified.

Adjusting the work function of graphene to the energy
levels of organic layers in an OLED device can be achieved
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by several methods including doping aromatic molecules,
surface functionalization, ultraviolet irradiation, electro-
static gating [8], and depositing transition metal oxides
(TMO) [9]. The authors’ research focuses on the
modification of graphene work function with TMO such as
MoO:s, Re;O7, and TiO; [4, 10—15]. For example, to gain
a better insight into the growth of MoO3 on graphene, the
authors have carried out fundamental research related to the
growth of a 2D MoOs with a monolayer thickness on
a highly oriented pyrolytic graphite (HOPG) [10-12]. It
was revealed that the crystallinity of 2D materials is crucial
for an efficient work function modification of HOPG.
Intriguingly, the crystalline MoO3 monolayer with thick-
nesses as low as 0.7 nm increases HOPG work function up
to 6.4eV [11]. Thus, graphene work function can be
enhanced by covering it with a 2D crystalline layer of TMO
such as MoO3[10, 11]. Additionally, it was shown that the
work function of high-quality graphene grown on SiC(0001)
can be successfully increased to 4.95 eV by covering it
with thermally evaporated Re,O; which is relevant in the
context of optoelectronic applications [13].

In authors’ previous paper [4], it was shown that the
work function of a monolayer graphene on quartz can be
modified with rhenium oxide and such heterostructure
meets the basic requirements for use as a transparent anode
in OLED applications [4]. The following is research on
modification of the work function of a monolayer graphene
on quartz with the incremental deposition of rhenium
oxide. Additionally, the authors go a step forward and
discuss the structure formation between graphene on quartz
and a prototypical “hole transport layer” N,N-bis-(1-
naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine (NPB)
using rhenium oxide as an interfacial layer. NPB is an
organic material used widely as a hole transport layer in
OLED with ITO as an electrode [16—18]. It is well known
that the electroluminescence stability of OLED based on
the ITO anode is strongly affected by the presence of the
NPB hole transport layer and its thickness [19].

2. Experimental methods

Commercially available monolayer graphene on quartz
(transparency: > 97%, coverage: > 98%, sheet resistance:
360+30 Q/[], MSE Supplies LLC) was used. Dirhenium
heptoxide powder (Re,O7, purity: 99.9%, Aldrich) and
NPD (purity: >99.0%, Ossila) were evaporated from
crucibles in a thermal deposition process in ultra-high
vacuum (UHV). The working pressure was ~ 6 x 10~° mbar
during Re,O7 deposition. A quartz-crystal microbalance
was used to estimate the thickness of Re>O; and NPB
layers.

X-ray photoelectron spectroscopy (XPS) study was
carried out with a non-monochromatic X-ray radiation of
1253.64 eV (Mg Ka) from a DAR 400 source lamp
(Omicron) operating with a Phoibos 150 hemispherical
electron energy analyser (SPECS) combined with a 2D CCD
detector. The Shirley method was used for background
subtraction.

The ultraviolet photoelectron spectroscopy (UPS) study
was carried out with a HIS-13 UV lamp (Omicron) using
the Helq line with an energy of 21.23 eV and a Phoibos 150
analyser. The UPS spectra were calibrated using the Fermi
level of a pure Au(111) surface. A negative potential of

3.1V was applied to the sample to determine the back-
scattered electron emission edge. The XPS and UPS spectra
were analysed with the CasaXPS software package [20].

An atomic force microscope (AFM) study was carried
out with the Ntegra Aura (NT-MDT) working in semi-
contact mode under ambient air conditions. AFM images
were processed using Gwyddion.

3. Results and discussion

The authors first performed an XPS study to determine
the stoichiometry of rhenium oxide layers formed on
graphene on quartz after thermal deposition of Re2O7 from
powder in UHV. Figure 1 shows the XPS spectra of the
Re 4f core level of pristine graphene and graphene covered
with the incremental layers of rhenium oxide grown using
the step-by-step deposition method. The authors started
with a nominal thickness of 0.2 nm, up to 50 nm. In the
deconvolution process of the Re 4f spectra, a characteristic
4f7,—4f5); doublet related to the single oxidation state, with
an energy splitting of 2.4 eV and relative integrated peak
areas of 4:3 (resulting from the spin-orbit coupling),
was fixed. Peak fitting was performed using mixed
Gaussian/Lorentzian line shapes [GL(75)] with a full width
at half maximum (FWHM) ranging from 1.7 to 1.85 eV.
The XPS spectra deconvolution shows the presence of 47
and 4fs; spin-orbit doublet peaks at binding energies of
about 454 and 47.8 eV, respectively. Thus, it was
concluded that the oxide layers formed on graphene on
quartz are composed mainly of Re” oxidation state
exhibiting the formation of Re,O7 phase, which is thermo-
dynamically the most stable phase of rhenium oxide. This
is in good agreement with reference works from the
literature [21, 22] and authors previous reports [4, 13].

Additionally, the presence of a very small amount of
Re® with 4f5, and 4fs;, spin-orbit doublet peaks was
identified at binding energies of about 42.9 and 45.3 eV
respectively, indicating the formation of a ReOj3 phase.

Figure 2 shows the UPS spectra of (a) the secondary
electron cut-off region, (b) the full range, and (c) the valence
band (VB) region of pristine graphene on quartz and
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Fig. 1. XPS core level spectra of Re 4f region for pristine graphene
and RexO7/graphene heterostructures with different
oxide thicknesses (from 0.2 up to 50 nm). Re2O7 phase is
predominantly formed on graphene during thermal
deposition process from powder of Re2O7 in UHV.
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Fig. 2. UPS spectra of (a) secondary electron cut-off, (b) full
range, and (c¢) VB regions for pristine graphene and
Re2O7/graphene heterostructures with different oxide
thicknesses (from 0.2 up to 50 nm). Work function,
thicknesses of the Re2O7 layers, and characteristic
spectral are indicated. Work function was determined
from the secondary electron emission edge.

Re,O7/graphene heterostructure with incremental rhenium
oxide thicknesses. The work function of pristine graphene,
derived from the secondary electron cut-off, was estimated
to be 4.0 eV [see the black curve in Fig. 2(a)] [23]. As the
rhenium oxide thickness increases, the secondary electron
cut-off shifts towards lower binding energies. This demon-
strates an increase in the work function of Re>O7/graphene
heterostructure with increasing thicknesses of rhenium
oxide. Even very low thicknesses of Re;O7 increase the
work function significantly: the work function of graphene,
covered with only 0.2 nm of Re;O7 is estimated to be
4.7 eV. The deposition of a 5 nm thick layer leads to a large
increase in the work function (5.3 eV), near the saturation
value.

Further deposition of the Re>O7 does not contribute to
the significant increase of the work function of the
heterostructure. Upon the deposition of a 50 nm thick layer
of Re»07, the work function of heterostructure is estimated
to be 5.4 eV. Please note that above the coverage corre-
sponding to 1 nm, no significant change in the shape of the
measured secondary electron cut-off edges is observed.
This suggests that above 1 nm the authors are dealing with
a continuous or nearly continuous oxide layer and not an
island manner as was the case with MoO;3 [11]. This
achieved values of work function for heterostructure is high
enough to inject holes to the hole transport layer made from
organic semiconductors with high HOMO levels such as
NPB, thus it can be considered as an effective anode in
OLED. Note that the work function of Re>O7 deposited on
graphene is much lower than that of rhenium foil after
oxidation of 7.1 eV [24]. It is well known that the change
in work function can be ascribed to the formation of surface
dipole and to interfacial band bending [25]. However,
owing to the peculiar electronic structure of a monolayer
graphene, the work function increase is associated here
with the formation of surface negative dipole, which arises
from electron transfer from Re>O7 to graphene. The same
effect is observed for the MoOs/graphene interface [25].

Additionally, the peaks at about 5 and 8 eV are attributed
to O 2p-derived states and to a mixture of oxygen/rhenium
states, respectively [26]. Gap states in the band gap of
Re;O7 were not observed.

To further investigate the Re,O7/graphene heterostruc-
ture in the context of applications to OLED design, a typical
hole transport layer, NPB, was deposited.

Figure 3 shows the UPS spectra of (a) the secondary
electron cut-off region, (b) the full range, and (c) the VB
region of Re;Os/graphene heterostructure with an oxide
thickness of 1.0 nm and after deposition of the NPB hole
transport layer, with variable thickness (from 0.2 nm to
50.0 nm) using the step-by-step deposition method. As
indicated by the data, the secondary electron cut-off
position shifts towards higher binding energies with
increasing NPB thickness. After a deposition of a 50 nm
layer of NPB, the secondary cut-off shift is estimated to be
1.4 eV. The hole injection barrier, estimated as the energy
difference between the HOMO edge and the Fermi level,
is very small (0.35¢V for a 0.5 nm thickness of NPB),
and thus very promising in terms of OLED devices
performance.
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Fig. 3. UPS spectra of (a) secondary electron cut-off, (b) full
range, and (c¢) VB regions for Re2O7/graphene hetero-
structure with oxide thicknesses of 1.0 nm and the
heterostructure after deposition of NPB.

To evaluate the surface morphology of the NPB hole
transport layer deposited on the Re,Os/graphene hetero-
structure, an AFM study was carried out. Figure 4 shows
the topographic image of the Re>O7/graphene heterostructure
with an oxide thickness of 1.0 nm covered with a 50 nm
layer of NPB. The authors focus on an NPB layer with
a thickness of 50 nm as it is commonly used in OLED
quality benchmarking [18]. The AFM image suggests that
NPB forms a uniform and flat layer on the Re,O7/graphene
heterostructure. The root-mean-square (RMS) roughness of
the heterostructure is estimated to be 1.2 nm. The bright
protrusion can be ascribed to poly(methyl methacrylate)
(PMMA) residue remaining after graphene transfer from
the copper foil onto quartz. The AFM investigation
demonstrates that the surface roughness of a 50 nm thick
NPB layer formed on the Re,O7/graphene heterostructure
is sufficiently low for the deposition of a subsequent layer,
i.e., the emissive layer in OLED device structures [18].
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Fig. 4. AFM image of 5 x 5 pm? NPB hole transport layer 50 nm
thick grown on Re2O7/graphene heterostructure with an
oxide thicknesses of 1.0 nm.

4. Conclusions

The authors investigated the interaction between
rhenium oxide thin films of various thicknesses on a
monolayer graphene on quartz, using XPS and UPS
techniques. XPS study shows the formation of the Re,O7
phase on graphene on quartz during thermal deposition in
UHV. UPS study shows that the Re;O; layer can
successfully enhance the work function of graphene. The
deposition of Re,O7 on graphene on quartz increases work
function up to 5.4 eV resulting from electron transfer from
graphene to Re,O; with a higher electron affinity. This
value of heterostructure work function is high enough to
efficiently inject holes into the hole transport layer with
high HOMO levels such as NPB, and thus Re,O/graphene
can be considered as an effective transparent anode in
OLED devices. To further verify the potential integrability
of Re,O7 into OLED structures, an NPB hole transport
layer of various thicknesses was then deposited onto the
Re»O7/graphene heterostructure. UPS study shows that the
hole injection barrier between the NPB layer and the
Re;O7/graphene heterostructure is only 0.35 eV, which
guarantees good performance of OLED devices based on
this heterostructure. Finally, the AFM study evidences a
uniform and flat morphology of the NPB layer on the
Re»O7/graphene heterostructure.
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