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ABSTRACT: High-quality monolayer graphene was
synthesized on high-κ dielectric single crystal SrTiO3
(STO) substrates by a facile metal-catalyst-free chemical
vapor deposition process. The as-grown graphene sample
was suitable for fabricating a high performance field-effect
transistor (FET), followed by a far lower operation voltage
compared to that of a SiO2-gated FET and carrier
motilities of approximately 870−1050 cm2·V−1·s−1 in air
at rt. The directly grown high-quality graphene on STO
makes it a perfect candidate for designing transfer-free,
energy-saving, and batch production of FET arrays.

Graphene is deemed as one of the most attractive candidate
materials for next-generation electrical and optical devices

due to its unique properties.1−4 In order to fulfill the potential
of graphene in real technological applications, various methods
targeting its rational synthesis have been pursued, mainly
including mechanical and chemical exfoliation,1 SiC thermal
decomposition,5 and chemical vapor deposition (CVD).6 In
particular, CVD approaches employing Cu,6 Ni,7 and other
metals (such as Pt8) as catalysts have been proven promising
with regards to the synthesis of high-quality, large domain size,
and uniform graphene. However, the inevitable transfer process
from metal onto dielectric substrates is nevertheless tedious and
cost-ineffective, which might also introduce wrinkles, breakages,
defects, and metallic contaminations/residues on the graphene
samples. To this end, direct fabrications of graphene on
insulating substrates such as MgO,9 SiO2,

10−13 Al2O3,
14−16 and

Si3N4
17,18 by metal-catalyst-free CVD have been demonstrated,

offering great opportunities for directly fabricating graphene
devices without any transfer process. The synthesis processes
involved always required ultrahigh growth temperatures
normally above 1400 °C,14,16 an inconvenient apparatus setup
using plasma-enhanced CVD,11,19 and/or extremely long
growth times even up to 4320 min.18 Moreover, typical
graphene products could suffer from lower crystal quality,
inferior thickness uniformity, and/or degraded properties (as
compared with growth on metals). From a technological point
of view, the selection of more suitable insulating substrates for
direct graphene growth is of great importance since the

substrates, serving as gate insulators in electronics (e.g., field
effect transistor (FET)), have a strong influence on the
properties of graphene and hence the performances of
devices.20

In this regard, the usage of high-κ dielectric substrates rather
than low-κ SiO2 (κ ≈ 4) would be promising in providing
reduced gate leakage, improved gate capacitance, and better
gate modulation.21 Moreover, carrier scattering issues caused by
surface roughness and charge fluctuations on SiO2 substrates
could hinder further integration of SiO2-gated graphene
FETs.21−23 Therefore, direct growth of graphene on high-κ,
scatter-screening dielectric substrates becomes greatly desirable.
Herein we demonstrate that, on SrTiO3 (STO), a transparent,
high-κ perovskite insulator bearing superior thermal stabilities
and versatile application potentials,24−26 facile metal-catalyst-
free CVD growth of high-quality graphene was realized, offering
a deeper understanding of direct growth of graphene on
insulating substrates. The resulted graphene sample included a
highly uniform monolayer and large area (with the size only
limited by the crystal size of STO). With the unique directly
grown graphene/STO sample, we have observed for the first
time bipolar FET behavior on the STO-gated FET, along with a
low operation voltage. The intriguing magneto-transport
properties of as-grown graphene/STO samples have also
been investigated.
The direct growth of graphene on STO (001) substrates was

carried out by a simple atmospheric CH4-CVD process without
the aid of any metallic species (see Supporting Information
(SI)), where elemental characterizations by X-ray diffraction
and full X-ray photoelectron spectroscopy (XPS) measure-
ments of as-grown samples were performed to ensure a
complete metal-free process had taken place (Figure S1).
Figure 1a illustrates that the growth of graphene on STO is
governed by an in-plane propagation process of carbon species.
This is reflected by the atomic force microscopy (AFM)
examinations of the growth evolution, as characterized by
graphene nanoislands, continuous film with irregular voids, and
complete layers decorated with graphene wrinkles when
experiencing 60, 120, and 180 min CVD (Ar/H2/CH4: 100/
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50/2.5 sccm) (Figure 1b−d; also shown in Figure S2),
respectively. Note that the nanoislands, possessing a similar
height of ∼0.71 nm (typical for graphene on SiO2),

7 expand
their sizes and merge with each other to form a complete film,
guaranteeing the uniform layer thickness. This growth feature is
consistent with the growth trends reported in previous studies
using SiO2

10 and Al2O3
15 as substrates.

The formation of graphene on STO was further probed with
atomic-scale characterizations by scanning tunneling micros-
copy (STM) (Figure 1e and inset, and Figure S3), clearly
revealing the graphene lattices with a lattice constant of ∼0.246
nm.19 Moreover, a typical Raman spectrum of as-grown
graphene on STO (Figure 1f) displays three characteristic
peaks of graphene at the D band (1350 cm−1), G band (1597
cm−1), and 2D band (2695 cm−1), which are totally absent
from the spectrum of the bare STO substrate (black curve),
providing more spectroscopic proof of the graphene formation.
However, it has been found that the 2D peak of directly grown
graphene on the STO substrate (red curve) cannot be
unambiguously revealed due to the possible substrate screening
effect (strain induced by the lattice mismatch and/or strong
interaction caused by chemical bonding between the graphene
and substrate, etc.), the case of which is similar to that
regarding graphene grown on SiC.27 This interaction was
partially reflected by the C 1s XPS measurement (Figure 1g),
with the presence of the Ti−C peak (283.4 eV), in addition to
the featured signals of graphene with an sp2 carbon peak (284.8
eV) and C−H peak (285.3 eV). Corresponding time-
dependent growth evolution of graphene (shown in Figure

1b−d) was further investigated by Raman spectroscopy (Figure
1h), revealing that the 180 min CVD process enabled the
formation of high-quality monolayer graphene. Notably, the
area of the complete monolayer can only be limited by the size
of the STO substrate, as evidenced by a photograph of the as-
grown and as-transferred samples on Si/SiO2 (Figure 1i)
showing a uniform contrast. Moreover, graphene covered STO
samples exhibit special optical performances (Figure S4), the
study of which is still ongoing.
The high thickness uniformity and the monolayer nature

(>95%) of our prepared graphene was confirmed by character-
izing the transferred samples to Si/SiO2 substrates. The
graphene film (growth time 180 min) appears in uniform
contrast when inspected by optical microscopy (OM) and SEM
(Figure 2a, b), reaching full substrate coverage except for the

small breakages due to the transfer process. AFM character-
ization (inset in Figure 2b) again supports the successful
formation of continuous, uniform monolayer graphene, as
evidenced by the formation of graphene wrinkles. UV−vis
spectroscopy examined at a wavelength of 550 nm exhibits
transmittance at 96.4% (Figure 2c), providing more macro-
scopic evidence of the uniform monolayer nature of the
graphene films, probably facilitating its applications in trans-
parent electrodes, optoelectronic devices, and so on.
A transmission electron microscopy (TEM) investigation

was conducted to probe the detailed microstructure and layer
information on the fabricated graphene. It is worth mentioning
that we have employed an advantageous two-stage transfer
approach to guarantee a far cleaner preparation of the TEM
samples (Figures S5 and S6) compared to others. Figure 2d
displays a low-magnification TEM view of the rather clean
graphene films (growth time 180 min), where the edges of the
sheet breakage allow us to directly identify the layer numbers.
The selected-area electron diffraction (SAED) pattern (inset in
Figure 2d) manifests one set of a hexagonal symmetrical
pattern, justifying the high crystallinity of graphene films.

Figure 1. Investigation of growth evolution and characterization of as-
grown graphene on STO (001). (a) Schematic of graphene growth on
STO substrates. (b−d) Morphology evolutions of as-grown samples
experiencing various CVD growth time as characterized by AFM
images and the section view (as an insert). Scale bars: (b) 250 nm. (c,
d) 1 μm. (e) STM image (Vs = 0.7 μV, It = 18 nA) of a graphene film.
Scale bar: 1 nm. Inset: Atomic resolved STM image of graphene
honeycomb lattice. Scale bar: 0.5 nm. (f) Representative Raman
spectra (514 nm laser wavelength) of as-grown graphene and bare
STO substrates. (g) C 1s XPS spectrum of as-grown graphene. (h)
Time-dependent growth of graphene (after transferred onto Si/SiO2
substrate for a better inspection) investigated by Raman spectroscopy.
All the Raman spectra are normalized to 2D peak intensity. (i)
Photograph of an as-grown graphene film on STO and a transferred
graphene film to Si/SiO2 (300 nm thickness) substrate.

Figure 2. Analysis of large-area uniform monolayer graphene
produced by metal-catalyst-free CVD on STO (001) substrates. (a)
OM image of a graphene film transferred to Si/SiO2. Scale bar: 20 μm.
(b) SEM image of the transferred graphene film. Scale bar: 50 μm.
Inset: corresponding AFM image. Scale bar: 1 μm. (c) Transmittance
spectra of transferred graphene on quartz. (d) Low-magnification
TEM image of the graphene film. Scale bar: 100 nm. Inset: SAED
pattern displaying one set of hexagonal pattern. (e, f) High-resolution
TEM images of the universally existed single layer (>95%) and a
seldom noticed bilayer graphene (<5%). Scale bars: 5 nm. (g)
Representative Raman spectra (514 nm laser wavelength) of as-
transferred monolayer graphene.
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Moreover, the high-resolution TEM image on the film edge
(Figure 2e) indicates that the film is predominantly single layer
graphene (>95%), with bilayer graphene occasionally detected
(Figure 2f).
Full and C 1s XPS spectra of the as-transferred graphene on

SiO2 are shown in Figure S7. As previously mentioned, the as-
grown graphene was then transferred to Si/SiO2 substrates to
facilitate a characteristic property evaluation by Raman
spectroscopy. The pink curve of transferred graphene in Figure
2g reveals a sharp 2D peak located at ∼2692 cm−1 with a high
I2D/IG ratio (>2) and a full width at half-maximum (fwhm) of
37 cm−1, verifying the formation of single layer graphene
(SLG). In contrast, a representative Raman spectrum of few-
layer graphene (FLG) was also recorded (mainly from the
edged areas of samples), which is featured by a lower I2D/IG
ratio (<1.5) and a broader fwhm of 60 cm−1 (blue curve).
Moreover, the discernible down-shifted Raman bands of
transferred graphene are observed to suggest a strain effect
between graphene and STO substrates, which might be
generated from the relaxation of compressive stress induced
by the distinct thermal expansion coefficient between graphene
(−8.0 × 10−6 K−1 at 300 K) and STO (9.4 × 10−6 K−1 at 300
K), or from a considerable lattice mismatch effect (a graphene =
2.468 Å and a STO (001) = 3.905 Å). Such a trend is consistent
with previously reported results regarding the metal-free
synthesis of graphene on Al2O3

15 and Si3N4.
17 Note that this

strain relaxation phenomenon can also be observed when using
STO (111) and STO (110) as the growth substrate in our
study (Figure S8).
Herein our work implies that high-quality monolayer

graphene with uniform thickness can be fabricated on STO
substrates within 180 min of growth under a relatively low
temperature (comparable with growth on metals), which may
address the advanced catalytic ability of STO in terms of
catalyzing graphene formation compared to that of other oxides
(SiO2 and Si3N4). It is known that the surface oxygen is
beneficial to the direct nucleation and growth of graphene on
insulating substrates; in our case, we speculate that the presence
of surface titanium and oxygen on the STO (001) substrate
could exert a synergistic effect on the graphene synthesis
(Figure 1g). In turn, the growth of graphene on STO substrates
can be realized under a broad parameter window, where
temperature-dependent studies by Raman spectroscopy were
performed to investigate the growth dynamics (Figure S9). The
as-grown homogeneous graphene can be readily transferred to
arbitrary substrates to further potential applications (such as
transparent conductive films), e.g. to a polyethylene tereph-
thalate (PET) sheet exhibiting high light transparency, as
shown in Figure 3a. Specifically, to examine in detail the 2D
homogeneity and quality of monolayer graphene grown for 180
min at 1050 °C, point Raman spectra were randomly collected
from 130 points over a 3 × 3 mm2 area, leading to the
presentation of six randomly collected spectra (Figure 3b), as
well as the plot of a histogram of the I2D/IG ratio (Figure 3c),
and a histogram of the fwhm2D distribution (Figure 3d).
Furthermore, Raman mapping of IG and I2D over the marked
area in the OM image (Figure 3e) is shown in Figure 3f and g
with rather uniform color contrasts, respectively, further
ascertaining the uniformity of produced graphene films in
macroscopic scales.
The sheet resistances of graphene films grown directly on

STO substrates have been probed, with the obtained lowest
value reaching 950 Ω·sq−1 (growth time: 300 min). A

comparison between the sheet resistances of the graphene
prepared in this work and those of reported graphene is
depicted in Figure 4a as a function of growth time, revealing

that the quality of our graphene is comparable to those of
others. To further examine the electrical properties of as-grown
graphene, back-gated graphene FET was fabricated on an STO
(100 nm thick)/Nb-doped STO substrate using a standard
photolithography technique (Figure 4b and SI). Surprisingly,
the transfer curve (drain current IDS vs gate voltage VG) in
Figure 4c shows that bipolar FET characteristics of the device
can be achieved with a very small bias operation of the back
gate (∼0.11 V), owing to the large dielectric constant of the

Figure 3. Investigations of the thickness uniformity of synthesized
graphene films by Raman spectroscopy. (a) Photograph of an as-
grown graphene/STO sample (left) and a transferred graphene film to
a PET sheet (right), showing its uniformity and good visible light
transparency. Scale bar: 1 cm. (b−d) Plot of (b) six typically collected
spectra, and histograms of the (c) I2D/IG ratios and (d) fwhm2D
distribution over a 3 × 3 mm2 sample area. (e) OM image of a
graphene film with a mark indicating the mapping region. Scale bar: 20
μm. (f, g) Raman mapping of the marked region in (e). (f) G peak. (g)
2D peak. Scale bars: 5 μm.

Figure 4. Electrical and magneto-transport properties of graphene
directly grown on STO substrates. (a) Comparison of the sheet
resistances of graphene obtained in this work and others in the
literature. (b) Schematic top-view of graphene FET fabricated on an
STO/Nb-doped STO substrate. (c) Transfer curve of the FET device
at VDS = 0.01 V in air. Inset: OM image of an individual device. Scale
bar: 50 μm. (d) Schematic construction of graphene/STO based
device for magneto-transport measurements. (e, f) MR behaviors of as-
grown samples as a function of magnetic field.
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insulating STO layer. This observation is consistent with that
reported in a previous study, where mechanically exfoliated
graphene transferred on an STO/Nb-doped STO substrate was
used.21 The carrier mobilities estimated from the transfer
curves range from about 870 to 1050 cm2·V−1·s−1. Figure 4e
shows the magneto-resistance (MR) behaviors of as-grown
SLG and FLG on STO (the device construction illustrated in
Figure 4d and measurements conducted at 1.9 K), where a
weak localization effect can be observed near zero magnetic
field. Under a higher perpendicular field, the MR of SLG shows
apparent oscillations while being absent from those of FLG and
FLG grown on SiO2 under identical conditions (Figure S10).
Furthermore, investigations on the MR of the SLG sample as a
function of the magnetic field at different temperatures were
performed. As shown in Figure 4f, the MR fluctuations are
almost reproducible at distinct temperatures ranging from 1.9
to 100 K with decreasing amplitudes, which is likely an
indication of universal conductance fluctuations.28

In summary, large-area, highly uniform monolayer graphene
was synthesized for the first time on single crystal STO
substrates by a facile CVD process. The as-grown graphene on
STO exhibits unique electronic and optical properties and
hence shows promise for applications in transfer-free electronic
devices for energy-saving, high-performance FET and trans-
parent electrodes.
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