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Figure1l Schematic and typical results of graphene growth on molten glass, high-temperature-resistance glass and high-kappa dielectric substrates.
(a) Schematic of graphene growth on molten glass. (b) Photograph of an as-grown graphene glass plate. (c) Schematic of graphene growth on solid
quartz glass by the LPCVD method using ethanol as precursor. (d) Photographs of as-grown graphene-glass samples (10 cmx6 cm). (e) Schematic of
graphene growth on SrTiO; substrates. (f) Photograph of an as-grown graphene film on STO and a transferred graphene film to Si/SiO, (300 nm thick-

ness) substrate. (g) Photograph of an as-grown graphene/STO sample (left) and a transferred graphene film to a PET sheet (right)
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Figure2 Schematic and typical results of oxygen-aided, two-stage method and silane-catalyzed direct synthesis of graphene. (8) Schematic diagram
of the oxygen-aided CVD growth of graphene on a SiO,/Si substrate. (b) AFM phase image of graphene sheets. (c) Raman spectra (laser wavelength
514 nm) of a graphene film. (d) CVD system for graphene growth on a SisN, substrate and the schematic diagram of the two-stage process for graphene
growth. (€) Optical micrograph of a graphene film on a SizN, substrate. Scale bar: 50 um. (f) SEM image of graphene film. Scale bar: 500 nm. (g) The
growth duration dependence of the domain dimensions for single-crystalline graphene in the presence of silane or germane gaseous catalysts and no
catalyst. (h) Schematic of the gaseous catalyst-assisted chemical vapor deposition process. (i) Topography image of a typical single-crystalline gra-

phene domain with adiameter of 20 um. The dashed line frames the shape of the graphene grain
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Figure 3 Plasma-assisted direct synthesis of transfer-free graphene on various dielectric substrates. (a) Optical image of a 4-inch wafer scale
nano-graphene film. (b)—(d) STM images of the nano-graphene on SiO, substrate. (b) Height image; (c) zoomed-in image of (b); (d) fast Fourier trans-
form filtered current image of region B. (e) Schematic illustration of the growth mechanism. (f) Raman spectra for h-MLG grains, BLG film and bare

h-BN surface. (g) Moiré pattern of severa grains. (h) AFM images of a peel-off graphene flake before and after c-PECVD. (i) AFM images of peel-off
graphene flakes. (j) AFM images of the HGCs on SiO,/Si after c-PECVD growth. (k) AFM image of a graphene membrane on SiO,/Si
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Figure4 Direct synthesis of transfer-free graphene on the interface of dielectric substrates and metal covering layer. (a) Schematic illustration of Cu
catalyzed direct synthesis of graphene on SiO,. (b) Schematic illustration of the Cu-catalyzed graphene growth. (c) The Raman spectrafor graphene. (d)
Schematic illustration of diffusion-assisted synthesis of graphene at low-temperature
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Figure5 Schematic and typical results of Cu vapor and Ga vapor assisted direct synthesis of graphene on dielectric substrates. Schematic illustration
(a) and Raman spectra (b) of Cu-vapor-assisted CVD process inducing Cu-vapor-assisted growth of graphene on both Cu foil and underneath the
SiO./Si substrate. (¢) HRTEM image of transferred graphene examining the folded region that identifies single-layer graphene. (d) Schematic illustra-
tion of graphene growth mechanism. Direct deposition of graphene on fused quartz (e) and SiO, substrates (f). (g) Schematic drawing of Ga vapor-
assisted CVD directly grown graphene on a quartz substrate. (h) OM image of a graphene film transferred on 300 nm SiO,/Si substrate. (i) HRTEM
image and the corresponding sel ected-area el ectron diffraction pattern

B ST R TR R 25 i A 1 1 A (B 6(F)), il A 1Y)
PREZAREETES2 VIN L WL T, 766 sNE 2R,
It H 50 BREEMG I T, HAERBMAR A BRI, BT
AT 5 HEERB B, A%40K AR
(4) A B8 07 A B FH AE Tl H - R 4. (%1 6(g) e
R, SunZ: A5 H PECVD A K- 1 44 oK B 5 A1 BB 07
(NCG) L il 2 1 44 K AL HL & G2 T ¢ (NEM). 31X Fil
A LS T O MERE, T 4K B A SR Y R
KA LL ST S 3 4K L R G 254 1T
T B — 2. A I LA B A BRI
N AR HE T A B A R A K A — 2 R R, AR
T A SR AN 2B AL BUROR TR AE K T ik

2174

(GEINUREE PR TR I0IE N Ny - 3 D& ) pin
PSR DT AT B 2 B AN AR, EAR AR BE DI R il
AT AT AR AR SR RE RO RTRE, TR Tl 4R
T I B4

6 n.a\rlil %)E%

UEAFR, ARXT G SR AR KA 820, 454 L
A1 20 I AR DUHOR TR RS B 3R 31 T 5873 563,
RARHr HEAR Ty AWl B2 W T 2 Fh 4,
LA R UGS IR L B A KA S0 Y 2 R L R
RO AR R G T R LA R R K 1 e
Gt IR AR KA ST, %A KR



PR

(1) AL BY B A R A BRI, (2) S TR S INIE MBS BEST T R (RY). Rm, A
BRI A K AT 820, (3) ST IR-S MM BRI WAL SUE T G L AR KA SR A OC LT
R ATEM, (4) SRR A SR, Rt S o A I L A A SR O T BOR R,

()
25 )

(a) 2.0

Thermochromic Recovery

| .\.I“ % (B)
¢ ’

10 05 00 05 10
Gate voltage (V)

Bl 6 SufRsm BRI TE 2 i R R B R S SR ZE . (a) 2 cmx2 emif) A BRI B e A LR 30 VI 1 R TR B S (H LR . (b) #AVIE tak
RENRIT. (c) NDIBZRSTORNIE - il £ (14 41 SR MG FET IR AL . (d) FET##FEVDS=0.01 VI i91-VIlI 4k, 48 B R B2 OMIEL, #5 ) 50 pm. (€)
BT A1 SBIGISTOR I ML A M R B . (F) BHAE KA 3800 58 S b BN B 7E A B4 IR AR B3R A KA S8R 1Y bRk 43 T 1)
Bh, T P A A A S I R Y T SR (g) HE TNCGRYNEMIT G # R B, BRITAM AR T A LRI, go 2y A sttt i 2 B,
AR Hh P 2 R S B e

Figure6 Schematic and typical results of transfer-free graphene applied in various applications. (a) Contour map of surface temperature on a2 cm x
2 cm area of an as-grown graphene/glass sample under an input voltage of 30 V. (b) Photograph of the thermochromic display. (c) Schematic top-view
of graphene FET fabricated on an STO/Nb-doped STO substrate. (d) Transfer curve of the FET device at VDS = 0.01 V in air. Inset: OM image of an
individual device. Scale bar: 50 pm. (€) Schematic construction of graphene/STO based device for magneto-transport measurements. (f) Directly grown
graphene films perfectly adhered on the surface of the quartz substrate. Upper surface of directly grown graphene absorbed by water molecules and the

current carriers passing through the under surface protected by the quartz substrate. (g) Schematic of the NCG based NEM switch fabrication. B and T de-
note the bottom and top electrodes, respectively. g, isthe designed air gap before etching, which is defined by the total thickness of the sacrificial layers
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As the first two-dimensional crystal isolated in 2004, graphene has triggered numerous fundamental and technological
studies because of its unique properties and a wide range of potential applications. To take these applications to an
industrial level requires successful large scale growth of high quality graphene. Among popular methods for graphene
synthesis, chemica vapor deposition (CVD) has received a lot of attention because of its relatively high yields, high
quality and low cost in preparation of graphene. In addition, CVD is compatible with the existing silicon semiconductor
processes, and exhibits potential for synthesis and applications of graphene at industrial scale. CVD graphene has been
synthesized on various metal substrates such as ruthenium, iridium, platinum, nickel and copper. Though suitable for
mass production, the need to transfer the graphene to different substrates has so far constrained its up-scaling to
roll-to-roll production methods. However, CVD graphene on metal need transfer to insulating substrates for further
device fabrication and characterization, and the extra transfer step inevitably causes the degradation of the graphene
quality because of crack formation or resists residues. Researchers have developed some novel technologies aiming at
reducing the influence of transfer process on the quality of graphene, but transfer process is till time-consuming and
relatively expensive. An dternative to overcome the transfer difficulty is to synthesize graphene directly on insulating
substrates. Epitaxia growth of graphene on single crystal SiC is one route towards mass production of graphene,
however, single crystal SiC wafers are still very expensive. The search for better production techniques of graphene, in
particular a transfer-free production method of high quality graphene, has intensified over the last few years. An amount
of effective strategies have been utilized to realize the direct synthesis of high quality graphene on insulating substrates
such as h-BN, silicon oxide, quartz, sapphire, SrTiO; and even normal glass. Due to the lack of catalytic capability and
carbon-dissolving ability in insulating substrates, the direct growth of graphene often associates with the problems of
high nucleation density, small domain size, poor layer control and slow growth rate. As such, more research works
should be conducted to explore the growth mechanism on the insulating substrates.

In this paper, we reviewed recent progresses about direct growth of graphene on insulating substrates by chemical
vapor deposition and its electronic applications. Firstly, we briefly discussed the newly progresses of graphene
preparation and application. Great progress have been achieved in the field of direct synthesis of graphene on insulating
substrates, however, there is still much room to improve further in many aspects, such as quality, domain size, layer and
substrate suitability of graphene. We classified the growth strategies on insulating substrates into four groups:
non-catalyst assisted method, plasma enhanced method, interface catalyzed growth and metal-vapor assisted growth. In
each strategy, details of technology and merits were carefully discussed. In addition, we aso introduced the typical
applications of each strategy, which exhibits extraordinary prospect for improving our daily life. Finally, we shared our
perspective views on future trend of this research field. We believe that with more and more efforts from the
graphene-research community, technologies about direct synthesis of graphene on insulating substrates will be developed
further. The future of directly grown graphene will become clearer in industrial applications.

graphene, chemical vapor deposition, insulating substrates, metal substrates, h-BN
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