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The present paper focuses on study of graphene and strontium titanate (SrTiO3 or STO) interface. An
ambient pressure chemical vapour deposition (AP-CVD) setup is used to grow graphene on STO (110)
substrates in the presence of methane, argon and hydrogen gases at 1000 °C for 4 h. Raman spectroscopy
measurements confirm the presence of graphene on STO substrates due to the existence of typical D and
G peaks referring to graphene. These characteristic peaks are missing in the spectrum for bare substrates.
X-ray photoelectron spectroscopy (XPS) is carried out for elemental analysis of samples, and study their
bonding with STO substrates. We employed the valence band spectrum to calculate the valence band
offset (VBO) and conduction band offset (CBO) at the G-STO interface. Also, we present an energy band
diagram for Bi-layer and ABC (arranging pattern of carbon layers) stacked graphene layers.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The diversity required in designing electronic devices keeps
motivating researchers from across the globe to study new func-
tional materials and device structures. Graphene, a monolayer of
sp2 bonded carbon atom, is potentially an ideal candidate for a
wide range of applications in electronics [1,2]. A number of
methods like exfoliation of graphite via scotch tape [3], reduction
of graphene oxide [4], decomposition of hydrocarbons via CVD
[5,6] and plasma enhanced chemical vapour deposition (PECVD)
[7,8] have been used to synthesize graphene, and further transfer
it to the desired substrate for device fabrication. The most critical
step in graphene research is its transfer from the growth catalyst
to the dielectric substrate. A few of many ineluctable challenges
commonly faced during the transfer process are: contamination
from etchants, photoresist residues, wrinkles, and mechanical
breakage. Few attempts have been made to grow graphene directly
on the insulating substrates such as SrTiO3 [9], MgO [10,11], SiO2

[12–14], Al2O3 [15,16], Si3N4 [17,18] etc. by CVD. The direct growth
of graphene on the substrates without using a catalyst, offers new
y. Production and hosting by Elsev

. Karamat),

als Research Society.
opportunities in device fabrication in addition to avoid the issues
related to any transfer process. Until recently, the field of direct
graphene growth on dielectrics or insulating substrates is not
developed enough like the growth on metallic catalysts using CVD.
Therefore, more study is in high demand regarding the under-
standing of substrate and graphene interface, crystal quality, che-
mical composition, band alignment and graphene substrate
bonding.

It is important to select an appropriate insulating substrate
because their downscaling in device fabrication alters their prop-
erties. For example, in graphene-based field effect transistor, the
insulating substrate (SiO2) is mostly used as a gate electrode and it
faces a predicament about scattering of carriers and leakage cur-
rent, which affects the final output of the device functioning. To
avoid leakage problem and improve gate modulation, it is always
advisable to choose the high K-dielectric substrates. Different
phenomena like quasi-two dimensional electron gases [19], tun-
able ferromagnetism [20], colossal magneto-resistance [21], and
superconductivity [22] were observed in the dielectric perovskite
complex oxide device structures. The combination of graphene
with such materials is a promising research approach from both
perspectives; theoretical and experimental. The wide spectra of
physical properties of dielectric perovskites make an interesting
contribution in graphene based hetero-structure devices.
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2. Experimental

Graphene is grown on SrTiO3 (110) substrates in an ambient
pressure CVD (AP-CVD) setup. The substrates are cleaned with
acetone, isopropanol and deionised (DI) water followed by blow
drying. The cleaned substrates are then, placed in the quartz re-
action chamber, and the setup is evacuated down to a pressure of
∼5�10�2 mbars. The chamber consists of a 40 mm diameter
quartz tube reaction chamber mounted on a split CVD furnace.
Continuous flow of high purity reaction gases: CH4 [99.995% pur-
ity, Messer], H2 [99.999% purity, BOS] and Argon [99.999% purity,
Messer] is used for the growth of graphene layer on substrate. Ar
gas is used to flush the system at a flow rate of 300 sccm followed
by the hydrogen gas at the rate of 50 sccm before the furnace
temperature ramps. The furnace is turned on and its temperature
is ramped upto 1000 °C, the Ar flow is maintained at 100 sccm
throughout the experiment. When the furnace temperature
reaches 1000 °C and is stable, H2 (50 sccm) and CH4 (8 sccm) gases
are introduced in the reaction chamber. Graphene growth lasts for
4 h. The furnace lid is opened immediately, as soon as the growth
finishes. CH4 flow is discontinued when the temperature falls to
650 °C. The samples are cooled down to room temperature in an
Ar and H2 atmosphere. Renishaw inVia Reflex microRaman spec-
trometer with 532 nm laser source is used to measure the Raman
spectra. Phi Versaprobe is equipped with UPS X-ray photoelectron
spectroscope is used, and spectra are recorded using monochro-
matic Al Kα radiation [1486.6 eV].
3. Results and discussion

Raman spectroscopy is extensively used for the characteriza-
tion of graphitic materials. The characteristic bands of graphene
like D, G and 2D provide valuable information about the defects,
in-plane vibration of sp2 carbon atoms and the stacking orders,
respectively [23,24]. Raman spectroscopy is performed on bare
and graphene grown STO substrates. The as grown graphene-STO
(G-STO) substrate shows the appearance of D and G peak around
1297.24 cm�1 and 1597.5 cm�1 respectively, which are absent in
the bare STO substrates, as shown in the inset of Fig. 1. The 2D
peak is not observed, which might have been due to substrate
screening effect. The strain developed due to lattice mismatch or
the stronger interactions between carbon and STO bonds may
cause the screening effect [9]. The suppression of 2D peak is also
Fig. 1. Raman Spectrum of graphene on STO substrates for 4 h growth, Inset shows
the Raman Spectrum of bare STO for comparison.
observed in the case of SiC [24]. The intensity ratio of D to G peak
is usually employed to estimate the disorder found in graphene,
which is in direct measure of its quality. For present investigation,
the ID/IG ratio is found to be 0.3, larger than the reported value in
previous studies [25,26]. This larger ratio can be attributed to the
presence of nano-graphene with greater disorder. To confirm the
existence of graphene, the XPS spectrum of G-STO is de-convolved
using Gaussian peak fit, and found that the binding energy of
carbon content is of sp2 carbon (graphene) as shown in Fig. 2f.

XPS is used to get information about the interaction between
the C1s and the STO substrates, shown in Fig. 2. Moreover, XPS
gives the information about the valence and conduction band
offsets at the interface, which is a very pertinent information for
the device structure. C1s and Ti2p core peaks of bare STO, STO
heated at 1000 °C before growth, G-STO sample after growth
clearly indicate the change in binding energy. Fig. 2e, shows C1s
peak for graphene, for the sample grown for 4 h on STO substrates,
appearing at around 285.3 eV. Whereas the binding energy of
standard highly ordered pyrolytic graphite (HOPG) sample is about
284.3 eV. The C1s peak of as-grown G-STO substrate is quite broad
which shows the interaction of the substrate elements with car-
bon. In order to get the information about the interaction of dif-
ferent substrate elements with carbon, C1s core peak is de-con-
volved into three Gaussians having peaks at 284.6, 285.3 and
285.9 eV. The resultant peak around 284.6 eV is identified as the
graphitic (sp2) non-oxygenated C ring (C–C, 284.670.2 eV)
[27,28]. The other two peaks represent sp3 and bonding with
other elements like hydrogen and oxygen [9,27]. The residual C1s
for bare and heated STO substrates show carbon peak around
283.07 eV, which is a confirmation of carbon and titanium bond-
ing [9].

Ti 2p doublets for bare and bare heated STO substrate along
with G-STO substrate core level spectrum are shown in Fig. 2d.
According to literature, the doublets at 454.7 eV and 460.6 eV
belong to TiC (2p1/2 and 2p3/2) [29], and the peaks appearing at
458.3 eV and 464 eV are assigned to TiO2 [30]. Moreover, a com-
bination of oxide and carbon with titanium (sub-stoichiometric
TiCx(xo1) and TiOx(or TiCxO)) also exist, and these peaks appear
around 456.2 eV and 462 eV [31]. The Ti 2p1/2 and 2p3/2 peaks of
the TiC phase shifted towards higher binding energies relative to
the elemental Ti 2p (453.8 and 459.9 eV) peaks in elemental Ti 2p,
due to a chemical shift, resulting from charge transfer and mixed
bonding [32]. In the present case, Ti2p3/2 and Ti2p1/2 core peaks
for G-STO sample appeared around 459.0 and 464.8 eV respec-
tively, and show a shift of 2.6 eV towards higher binding energy
from bare substrates due to carbon and oxygen bonding.

XPS is a powerful tool to give the information about the band
offsets in semiconductors and the valence band (VB) dis-
continuities of heterojunctions [33–37]. In our samples, the XPS
data has been used to obtain the information about the band
alignment at the graphene-STO interface. The information about
the band alignment at interfaces, particularly the valence band
offset (VBO) and conduction band offset (CBO) are critical in un-
derstanding and designing the electronic properties of device
structures. To determine the VBO of graphene/STO interface the
high-resolution XPS spectra of VB, C1s and Ti 2p core levels is
obtained from G-STO, HOPG, and heated bare STO substrates. The
VBO can be calculated by applying the following formula [38,39]:

∆ =∆ +( − )–( − ) ( )E E E E E E 1v CL C s
HOPG

VBM
HOPG

Ti p
STO

VBM
STO

1 2 3/2

where Δ = −− −E E ECL Ti p
G STO substrate

C s
G STO substrate

2 3/2 1 is the binding energy dif-
ference between Ti2p3/2 and C1s core level spectra for the 4 h
graphene growth on STO substrate, −E EC s

HOPG
VBM
HOPG

1 is the binding
energy difference between C1s and valence band maximum ob-
tained from the HOPG, and −E ETi p

STO
VBM
STO

2 3/2 is the binding energy



Fig. 2. XPS valence band obtained for three samples (a) Bare heated STO, (b) Graphite (HOPG), (c) G-STO for 4 h growth, (d)Ti 2p doublets for Bare heated STO and 4 h G-STO,
(e) core-level spectra of C1s for Bare heated substrate, Graphite and 4 h G-STO, (f) de-convolved C1s spectrum for G-STO 4 h sample.

Table 1
Binding energies of the valence band maximum, C1s, and Ti 2p3/2 core-level spectra
obtained from the three samples.

Samples VBM C1s Ti2p3/2

G-STO – 285.3 459.04
HOPG 3.31 284.48 –

Bare heated substrate 0.38 – 456.49
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difference between Ti2p3/2 and VBM of the heated bare STO sub-
strate. The core-level and VB XPS spectra of G-STO, HOPG, heated
bare STO samples are shown in Fig. 2. The valence band maximum
(VBM) values are derived by extrapolating a linear fit to the
leading edge of the VB spectra with respect to the background
level. Table 1 shows the binding energy of the spectra shown in
Fig. 2.

By substituting these values into Eq. (1) the VBO of graphene/
STO hetero-interface is calculated to be �1.02 eV, which means



Fig. 3. Schematic energy band diagram of the G/SrTiO3 hetero interface.
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that the VBM of graphene is lower than that of STO. In addition,
the CBO (ΔEC) can be estimated by the following formula:

∆ =∆ + − ( )E E E E 2C v g
G

g
STO

By using, the room-temperature energy band gap values (Eg
STO

and Eg
G), as reported in the literature [40–42], the ∆EC is calculated

to be 1.98 eV for bilayer and 2.11 eV for ABC stacked graphene
layers. On the basis of aforementioned analysis, the energy band
diagram is illustrated in Fig. 3.
4. Conclusion

The study commentates on the band alignment of graphene
grown on SrTiO3 (110) substrates. AP-CVD set-up is used for the
catalyst-free growth of graphene on STO substrates at 1000 °C for
4 h. The gases used for growth are hydrogen, methane and argon.
Raman spectroscopy is used to confirm the presence of graphene
due to appearance of D and G peaks. It is imperative to mention
here, that the oxide content greatly influences the 2D peak ap-
pearance in Raman spectrum, which is not visible in the samples.
Hence, the information regarding the number of graphene layers
cannot be predicted accurately. Moreover, the presence of nano-
graphene is also estimated from ID/IG ratio. XPS analysis has been
carried out in detail, to obtain information about the bonding of
different elements with STO substrates. C1s peak for graphene
appears around 284.6 eV in the de-convolved spectrum of G-STO
4hr growth, which indicates sp2 carbon bonding. Ti2p core peak
shows a shift of 2.6 eV towards higher binding energy in com-
parison to bare substrates due to carbon and oxygen bonding.
Using the valence band spectra; the valence band offset and con-
duction band offset are calculated at the G-STO interface. The
energy band diagram is also presented for the already reported
Bilayer and ABC stacked graphene layers.
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