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a b s t r a c t

Growth of graphene on dielectric substrates is crucial for its use in various electronic and optoelectronic
devices, which may avoid the additional extrinsic defects and residual pollution originating from the
essential transfer process of graphene grown by chemical vapor deposition on metal foils. However, the
growth of high-quality and wafer-scale graphene on dielectric substrates is now still a challenge. Herein,
we report the growth of graphene from solid polymer carbon source on various substrates under the
assistance of Nickel/SiO2 capping layer. The wafer-scale graphene with excellent uniformity and conti-
nuity was achieved on 2 inch sapphire substrates. The dynamics of the graphene growth were proposed,
which mainly consist of polymer carbonization, carbon dissolution, segregation and precipitation. The
graphene was also grown on undoped GaN to serve as the carrier transport channel of ultraviolet
photodetectors, exhibiting a 4 A/W response. The growth of high-quality and wafer-scale graphene on
dielectric substrates reported by present work would promote commercial application of the graphene-
based electronic and optoelectronic devices.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Since graphene was firstly mechanically exfoliated from highly
oriented pyrolytic graphite in 2004 [1], it has shown significant
applications in advanced electronic and optoelectronic devices
including transistors [2e4], light-emitting diodes [5,6], photode-
tectors [7e9], solar cells [10], and supercapacitors [11,12], which
mainly benefits from its unique properties of high carrier mobility,
perfect transparency, and feasible flexibility [13]. Moreover, the
weak van der Waals interlayer force provided by graphene has
triggered the extensive study of high-quality and stress-free ni-
trides epitaxy using graphene as the buffer layer [14e16]. To
explore more efficient methods for graphene growth, various
strategies such as liquid phase exfoliation [17,18], reduction of
inescence and Applications,
Physics, Chinese Academy of
graphene oxide [19,20], pyrogenic decomposition of SiC [21,22],
and chemical vapor deposition (CVD) [23e25] have been devel-
oped. Among them, the catalytic growth of graphene on metal foils
(Nickel or Copper) by CVD is regarded as a promising strategy due
to its inch-production, high crystallinity, and controlled layer
thickness [26]. However, it involves a meticulous and complicated
transfer process from catalytic metal foils to dielectric substrates,
which might cause residual pollution and additional extrinsic de-
fects as well as cracks [27,28]. To overcome this bottleneck, gra-
phene was directly grown on glass substrates by CVD method
[29,30]. However, the carbon precursor decomposition on these
non-catalytic substrates exhibits higher energy barrier, and thus
the rigorous growth temperature (1100 �C) and long growth time
(few hours) are required. More importantly, it is difficult to obtain
the graphene on non-catalytic glass substrates with the same
quality as that on metal foils.

The growth of graphene on dielectric substrates can also be
achieved from solid organic carbon source [31e33]. Usually, poly-
styrene, polymethyl methacrylate (PMMA) and polycyclic aromatic
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hydrocarbons could sever as the carbon precursors, and additional
catalytic metal coverages are applied for graphene conversion
during the thermal annealing process. Different from the gas pre-
cursors such as methane and ethylene, solid carbon sources could
be directly deposited on arbitrary substrates by spin coating or
thermal vacuum evaporation. This graphene growth method has
also exhibited advantages of speediness in time and favorable
growth condition. Although graphene converted from solid carbon
sources is a prospective strategy to achieve the growth of graphene
on dielectric substrates, several obstacles have hindered its prac-
tical application. Previous works have indicated that thin metal
films (Gold, Copper and Nickel) are unstable and tend to deform
into particles during the annealing process at high temperature
[34e36]. As a consequence, the surface morphology of as-grown
graphene would exhibit unsatisfied uniformity and continuity
because of the insufficient protection of the underneath solid car-
bon sources associated with the catalytic metal deformation
[37,38]. More importantly, the defects density of graphene con-
verted from solid carbonmaterials is still higher than that grown by
CVD, and the wafer-scale graphene growth for mass production
demand by this strategy is facing great challenges due to the poor
uniformity and continuity of as-grown graphene. In the end, the
intrinsic dynamics of the growth process of this graphene need to
be investigated and proposed, which might provide specific guid-
ance for the growth of high-quality graphene.

In present work, we reported the growth of high-quality and
wafer-scale graphene from polymer carbon source (PMMA) on
various dielectric substrates with the Nickel/SiO2 capping layer. The
additional SiO2 capping layer has changed the surface energy of
catalytic Nickel film and enlarged its deformation energy barrier,
ensuring the integrity of the Nickel/SiO2 capping layer during the
thermal annealing process. Therefore, the in situ growth of high-
quality and wafer-scale graphene on dielectric substrates exhibi-
ted excellent uniformity and continuity. The dynamics of the
growth process of this graphene were proposed, including
carbonization of solid PMMA, carbon dissolution, segregation, and
precipitation. The response of the ultraviolet (UV) photodetector
based on graphene grown on undoped GaN (u-GaN ) reached up to
4 A/W due to the high carrier mobility and persistent photo-
conduction effect of the top graphene, which well demonstrated
the feasibility and practicability of this graphene growth strategy.

2. Experimental

2.1. Growth of graphene

PMMA purchased from Aladdin was dissolved in anisole solvent
to form 1 wt % solution and spin coating onto dielectric substrates
with a thickness of ~15 nm. The PMMA film was subsequently
heated to 65 �C in air to remove residual organic solvent. A 100 nm
catalytic Nickel was deposited on the PMMA film by the electron
beam evaporation. Then, 300 nm SiO2 was deposited onto PMMA/
Nickel via plasma enhanced chemical vapor deposition (PECVD;
System 100, Oxford, UK). The layered structure of substrate/PMMA/
Nickel/SiO2 was annealed in N2 using rapid thermal annealing
(RTA) equipment (RTP600Z, Estarlabs, China) to convert PMMA into
graphene. The samples were annealed at 800, 900, and 1000 �C for
90 s with an average heating rate of 10 �C/s. The conversion of
graphene from PMMAwas realized on various dielectric substrates
such as sapphire, Si, quartz, and u-GaN. Besides, 2 inch sapphire
was chosen as the wafer-scale substrate.

To remove Nickel/SiO2 capping layer, the buffered oxide etch
(BOE) was firstly applied to dissolve the SiO2 layer, and then cleanly
washed away by the deionized (DI) water. After that, the sample
was immerged into a 0.5 mol/L FeCl3 aqueous solution for 1 h to
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remove Nickel catalytic layer, and further 1 min ultrasonic cleaning
in DI water was carried out to eliminate the surface pollution
induced during FeCl3 etching process. Thus, PMMA-converted
graphene would be directly left on the surface of dielectric
substrates.

2.2. Fabrication of u-GaN/graphene UV photodetector

After the growth of PMMA-converted graphene on u-GaN, a
typical lithography technique was applied to prepare patterned
photoresist masks on graphene. Afterwards, the interdigital elec-
trodes composed of 30 nm Nickel/30 nm Gold were deposited on
the top of u-GaN/graphene by the electron beam evaporation,
which severed as contacted pads for the carrier collection. Then, the
Nickel/Gold composite electrode was annealed in the RTA equip-
ment at 550 �C for 5 min to form ohmic contact between graphene
and metal electrodes. Here, interdigital electrodes had 25 pairs’
fingers with line width and distance of both 5 mm, and the photo-
sensitive area of UV photodetector was 0.2 � 0.5 mm2. At the same
time, an UV photodetector based on bare u-GaN has been fabricated
for comparison.

2.3. Characterization and measurement

Raman spectrophotometer (LabRAM HR Evolution, HORIBA
Scientific, UK) with a 532 nm laser was applied to measure the
Raman spectra of PMMA and PMMA-converted materials. At the
same time, 20 � 20 mm2 Raman mapping of the intensity of D band
(ID), G band (IG), 2D band (I2D) as well as I2D/IG of graphene were
measured by this Raman spectrophotometer, and the sampling
interval was set as 1 mm. Atomic force microscope (AFM; MULTI-
MODE 8, Bruker, US) was used to analyze the surface morphology of
various samples in tappingmode. Themorphology characterization
in large-area of these samples was also evaluated by optical mi-
croscope (OM; DS-Ri2, Nikon, Japan). The resistivity of graphene
was obtained by a 4-probe resistivity measurement system (RTS-8,
4 Probes Tech, China). UV-vis spectrophotometer (UV-2550, SHI-
MADZU) was applied to measure the transmittance spectra of the
as-grown graphene.

The UV photodetector based on the u-GaN integrated with the
grown graphene was illuminated by a 266 nm laser (MPL-F-266-
20mW, CNI Laser, China), the power intensity of laser was regulated
to 10 mW and calibrated by a Wattmeter (TP100, CNI Laser, China).
The dark current and photocurrent were measured by a 2400
Source Meter, KEITHLEY. The corresponding response time of
photodetector was collected by a digital oscilloscope (DS6104,
Rigol, China).

3. Results and discussion

The morphologies of PMMA, PMMA/Nickel, and PMMA/Nickel/
SiO2 on sapphire substrates were measured by atomic force mi-
croscope (AFM), as shown in Fig. S1a-c. All films exhibited the
continuous surface, and the corresponding root-mean-square
roughness (Rq) were 0.27, 1.10, and 3.64 nm, respectively. To
verify the significance of Nickel catalytic metal with SiO2 capping
layer, we have compared the PMMA-converted materials with only
Nickel catalytic layer and Nickel/SiO2 capping layer, as shown in
Fig. 1. Both samples of covered PMMAwere annealed at 1000 �C for
60 s. Here, the only Nickel catalytic layer has deformed into sepa-
rated particles with sizes varied from hundred nanometers to few
micrometers because of its instability under high temperature
treatment, as shown in Fig. 1a. PMMA-converted materials only
existed under Nickel particles, and the difference in height between
position A (without Nickel coverage) and B (with Nickel coverage)



Fig. 1. (a) Schematic diagram and AFM images of the only Nickel catalytic layer on PMMA after high-temperature treatment and (b) after removing Nickel catalytic layer. (c) Raman
spectra of PMMA-converted materials with the only Nickel catalytic layer. (d) Schematic diagram and AFM images of Nickel/SiO2 capping layer on PMMA after high-temperature
treatment and (e) after removing Nickel/SiO2 capping layer. (f) Raman spectra of the grown few-layer graphene with Nickel/SiO2 capping layer and bare PMMA. (A colour version of
this figure can be viewed online.)
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was around 5 nm, as shown in Fig. 1b. The corresponding
morphology variation with the only Nickel catalytic layer was also
confirmed by optical microscope (OM) in a larger view field, as
shown in Fig. S2a and 2b. Raman spectra were applied to measure
the structure properties of PMMA-converted materials, which
would obtain the information of molecular vibration and rotation
through Raman scattering effect. The Raman spectra of PMMA-
converted materials with the only Nickel catalytic layer were
shown in Fig. 1c. At position A, none visible signal band was
observed at the wave number range of 1000e3000 cm�1, which
covered the typical bands of PMMA, amorphous carbon, and gra-
phene [39]. This implied that carbon-related materials could not
remain on the sapphire substrate without Nickel coverage, which
might be evaporated and taken away from the surface of substrate
by N2 flow during RTA process. For position B, the PMMA-converted
materials under Nickel particles only exhibited D and G bands
located at 1332 and 1596 cm�1 with large full width at half
maximum (FWHM) of 214.3 and 97.1 cm�1, and the missing of 2D
band implied that the PMMA-converted materials with the only
Nickel catalytic layer was discontinuous amorphous carbon [40].

With the Nickel/SiO2 capping layer, an integrated surface was
observed by AFM, as shown in Fig. 1d. The additional SiO2 layer
have suppressed the deformation of the underneath Nickel layer,
and thus providing uniformly catalytic condition for the PMMA
conversion. The PMMA-converted material with the Nickel/SiO2
capping layer also had a uniform and continuous morphology after
removing Nickel/SiO2 layers, and the Rq was only 0.73 nm, as
shown in Fig. 1e. In addition, OM images in Fig. S2c and 2d also
demonstrated these results. The corresponding Raman spectra
appeared three typical peaks of graphene, which located at 1345 (D
band), 1582 (G band), and 2688 cm�1 (2D band), as shown in Fig. 1f.
The calculated intensity ratio of I2D/IG was lower than 1, indicating
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the few-layer nature of the grown graphene on sapphire substrates
[41]. The continuous few-layer graphene filmwas scraped to create
step edges, and the thickness of graphene was measured to be
~1.88 nm, as shown in Fig. S3. According to previous reports, this
thickness measured by AFM in tapping mode corresponds to an
approximate tri-layer graphene [42,43]. However, considering that
the accuracy of graphene thickness measured by AFM in tapping
mode was restricted by many factors, such as tip-surface in-
teractions, image feedback settings and surface chemistry [44,45],
the optical transparency of as-grown graphene was measured in
Fig. S4. By the fact that the absorption of monolayer graphene is
around 2.3%, the transmittance of 92.4% at 550 nm for as-grown
graphene proved its tri-layer nature [46].

Although the grown graphene with the Nickel/SiO2 capping
layer exhibited excellent uniformity and continuity, the relatively
high intensity of D band (related to defects) in Raman spectra
indicated the inferior quality of as-grown graphene (Fig. 1f).
Therefore, the RTA conditions of the graphene need to be
controlled. Primarily, the growth temperature was adjusted by 800,
900, and 1000 �C with same RTA time of 60 s, and the corre-
sponding Raman spectra were shown in Fig. 2a. The intensity ratio
of ID/IG dramatically decreased from 1.3 to 0.35 as the growth
temperature increased from 800 to 1000 �C, implying that high
temperature acted as a key factor for better crystalline quality of the
grown graphene. Moreover, the increased intensity of 2D band (I2D/
IG: 0.19e0.83) as well as the reduced FWHM from 66.7 to 52.7 cm�1

implied that the fewer layer number of graphene was converted
from PMMA at 1000 �C. In order to further improve the quality of
graphene, PMMA with the Nickel/SiO2 capping layer was annealed
at 1000 �C for different growth time of 10, 30, and 90 s, and the
corresponding Raman spectra of graphene was shown in Fig. 2b.
The intensity ratio of ID/IG was calculated to be 0.63, 0.43, and 0.07



Fig. 2. (a) Raman spectra of the grown graphene converted from PMMA with Nickel/
SiO2 capping layer at different growth temperature, (b) growth time, and (c) on various
dielectric substrates. (A colour version of this figure can be viewed online.)
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for graphene grown by 10, 30, and 90 s, respectively. Among them,
the grown graphene at the growth condition of 1000 �C/90 s
possessed the lowest value of ID/IG, and it was even better than the
CVD-grown graphene on catalytic Nickel substrates reported by
previous works [47,48]. The Raman mapping of IG and I2D for
PMMA-converted graphene at different annealing temperature and
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time were compared in Fig. S5 and S6, indicating that graphene
with larger coverage and crystal domain size were achieved at
higher annealing temperature and longer annealing time. Here, the
higher temperature and longer annealing time might play key
factors for the decomposition of polymer carbon source as well as
the diffusion distance of the related carbon species which would
affect the crystalline size and quality of grown graphene, and the
corresponding growth mechanism would be discussed later in
detail. The universality investigation of this growth of graphene on
various dielectric substrates was carried out, and the corresponding
Raman spectra were shown in Fig. 2c. Dielectric substrates with
high melt point, including Si, quartz, and sapphire were applied,
and the Raman spectra at the range of 200e1000 cm�1 (circled by
black dashed line) exhibited typical bands of each dielectric sub-
strate. All the grown graphene on these substrates exhibited typical
G and 2D bands, while minor ID was observed. Above results have
demonstrated that high-quality few-layer graphene could be
directly converted from PMMA with the Nickel/SiO2 capping layer
on various dielectric substrates.

Themethod of this grown graphene converted from PMMAwith
Nickel/SiO2 capping layer was also evaluated on a 2 inch sapphire
wafer, as shown in Fig. 3a. The corresponding photograph of few-
layer graphene on sapphire (right) exhibited deeper color
compared to the bare sapphire (left), which was mainly attributed
to the light absorption of the grown graphene. Five points at the
center and separated edges of wafer-scale graphene were selected
for the Raman measurement, and the corresponding spectra were
shown in Fig. 3b. All these positions of graphene exhibited typical
D, G, and 2D bands with the few-layer nature, which indicated the
large-area existence of graphene on the 2 inch sapphire wafer.
Besides, the mean intensity ratio of ID/IG and I2D/IG were calculated
to be 0.1 and 0.51, respectively. The corresponding minor standard
deviations of 0.03 and 0.1 for ID/IG and I2D/IG have proved the uni-
formity of crystalline quality and layer number of the grown gra-
phene. The Raman mapping of ID, IG, I2D and I2D/IG were measured,
as shown in Fig. 3cef. The selected area of graphene possessed
continuous intensity distribution, and the values of I2D/IG were
homogeneous in the visible field. For comparison, we also
measured the Ramanmapping of CVD-grown graphene transferred
onto sapphire substrates, as shown in Fig. S7a-d. The Raman
mapping of the graphene converted from PMMA and CVD-grown
graphene exhibited similar uniformity and continuity, which both
had grain size of few micro-meters in bright spots. The electrical
resistivity of the graphene was also compared with that graphene
grown by CVD, as shown in Fig. S8. Five points were selected for
accurate measurement, and the grown graphene and CVD-grown
graphene transferred onto sapphire substrates exhibited the com-
parable electrical resistivity with mean values and standard de-
viations of 209.9 ± 14.4 and 160.4 ± 16.7 U � cm, respectively.
Therefore, the graphene converted from PMMA with Nickel/SiO2
capping layer was a reliable strategy for the growth of wafer-scale
graphene on dielectric substrates. The uniformity, continuity as
well as electrical properties of the grown graphene were good
enough compared to that grown by conventional CVD method.

The typical Raman bands of graphene on top of Nickel after
removing SiO2 capping layer were also observed, as shown in
Fig. 4a. The absent bands of underneath sapphire substrates
confirmed that the typical Raman bands belonged to graphene
above Nickel layer, rather than graphene at the interface of Nickel
layer and sapphire substrates. According to the evidence of gra-
phene converted from PMMA on both sides of Nickel layer, we have
proposed the dynamics of the graphene growth, as shown in
Fig. 4b. Initially, the PMMA source between Nickel catalytic layer
and sapphire substrates was suffered from a carbonization process
induced by the high temperature, inwhich PMMAmolecular chains



Fig. 3. (a) Photograph of bare 2 inch sapphire (left) and grown few-layer graphene on sapphire (right). (b) Raman spectra of five points derived from the 2 inch few-layer graphene
on sapphire. (c) Raman mapping of the intensity of D band, (d) G band, (e) 2D band, and (f) intensity ratio of 2D band to G band. The scale bar is 5 mm. (A colour version of this figure
can be viewed online.)

Y. Chen, K. Jiang, H. Zang et al. Carbon 175 (2021) 155e163
would break, and forming separated carbon atoms or related car-
bon fragments with the catalyst of Nickel, as shown in process ⅱ of
Fig. 4b. The carbon atoms possess a relatively high dissolvability in
the bulk of Nickel films according to the previous work [49]. In this
way, related carbon species would diffuse into the inside of Nickel
layer with the persistent high temperature treatment, which
159
should follow the direction from high carbon concentration to its
absent sites, as shown in process ⅲ of Fig. 4b. Here, the PMMA
carbonization and carbon dissolution processes may not follow the
exact sequential order. Otherwise, they probably happened at the
same time. At the decreased temperature process, carbon atoms
would be segregated and precipitated on both sides of Nickel



Fig. 4. (a) Raman spectra of the grown few-layer graphene on the top of Nickel catalytic layer and its bottom. (b) Schematic diagram of the dynamics of the growth process of
PMMA-converted graphene with the Nickel/SiO2 capping layer. (A colour version of this figure can be viewed online.)
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catalytic layer, as shown in process ⅳ of Fig. 4b. Previous works of
saturated carbon in cooling Nickel foils also proposed the behaviors
of carbon segregation and precipitation for monolayer graphite
growth [50,51], which could be extended in this work. The
precipitated carbon at the interfaces of sapphire/Nickel and Nickel/
SiO2 would be rearranged into graphene, and this was driven by the
lattice effect of Nickel catalytic layer.

The excellent stability of Nickel/SiO2 capping layer is crucial for
sufficient PMMA catalytic decomposition as well as homogeneous
carbon diffusion, which acts as important roles for high-quality
graphene growth. For the only Nickel catalytic layer, it has been
deformed into particles during the high temperature annealing, as
shown in Fig. 1a. This process is usually named as the dewetting of
metal films, which is driven by the reduction of the surface energy
of metal films and the interface energy with the underneath sub-
strates during the annealing treatment [52,53]. In present case, the
annealing temperature of 1000 �C below themelting point of Nickel
film (1453 �C) could also cause the dewetting by the activation
energy induced diffusion, which is called solid-state dewetting
[54]. With an additional SiO2 capping layer, the dewetting of cat-
alytic Nickel film was eliminated. Here, SiO2 capping layer with
good stability would not interact with the Nickel catalytic layer in
both liquid and solid phases, and thus none degradation including
oxidation or alloy formation could happen. At the same time, the
viscous motion between the Nickel film and SiO2 capping layer has
ensured the integrity of the top SiO2 in spite of the mechanical
stress induced by Nickel melting and solidification [55]. For
instance, the viscoelastic properties of SiO2 was reported as
3.9 � 108 (Pa s) at the melting point of Nickel, and it dramatically
dropped to 28.8 (Pa s) at the boiling point of Nickel (2913 �C) [56].
More importantly, the additional capping layer of SiO2 has altered
the surface free energy of the Nickel film, which increased the
formation energy barrier of ruptures, ridges and particles related to
the dewetting of metal films (see Part 2 in Supporting Information
for the theoretical calculation) [57]. Therefore, the dewetting pro-
cess of the Nickel/SiO2 capping layer was suppressed compared to
that only Nickel catalytic layer.

According to the dynamics of this growth process, the higher
temperature and longer reaction time were key conditions for
growth of high-quality graphene due to the requirement of the
sufficient decomposition of PMMA molecule and enough dissolu-
tion distance for carbon species filtration. These results were
consist with the experimental section of the graphene converted
from PMMA, and the growth condition of 1000 �C/90 s possessed
the best graphene crystalline quality. The higher temperature of
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1000 �C has provided sufficient energy for PMMA decomposition,
and the combination of longer annealing time of 90 s made purer
carbon species through their diffusion in Nickel layer. This pro-
posed growth dynamics provided a possible guidance for the
controlled growth of graphene on dielectric substrates from the
intrinsic physical mechanism.

Graphene with unbroken structures had a high carrier mobility,
which possessed great potential as the charge transport channel of
UV photodetectors with high response [58,59]. Here, we have
fabricated u-GaN-based UV photodetectors with this grown gra-
phene as the carrier transport channel, which have reduced the
technique difficulty compared to CVD-grown graphene. The cor-
responding structure diagram and OM image of the as-fabricated
UV photodetector were shown in Fig. 5a and b, respectively. A
bare u-GaN on sapphire was simultaneously annealed in the RTA
equipment during the growth of graphene, and interdigital Nickel/
Gold composite electrodes were deposited on both samples as the
charge collectors. The Raman spectra of bare u-GaN and in situ
grown graphene on u-GaNweremeasured in Fig. 5c, and the typical
Raman bands of u-GaN were observed and located at 567.4 and
734.7 cm�1. At the same time, the typical G and 2D bands of gra-
phene were also observed, which indicated the existence of few-
layer graphene on u-GaN. The photocurrent (Iph) of UV photode-
tectors without and with graphene was shown in Fig. 5d, which
was calculated by Iph ¼ Ilight � Idark. Both UV photodetectors were
measured with the bias voltage varied from 0 to 10 V, and the
maximumvalues of Iph for devices without andwith graphenewere
17.6 mA and 5.1 mA at 10 V, respectively. The response (R) was

defined as R ¼ Iph
P�A, P was the power density of incident UV laser,

and Awas the photosensitive area of photodetectors [60,61]. In this
way, the response of UV photodetectors without and with the
grown graphene was calculated to be 13.8 mA/W and 4 A/W, and
the UV photodetector with the grown graphene exhibited two or-
ders of magnitude enhancement in the response. This was attrib-
uted to the high carrier mobility and persistent photoconduction
effect of graphene, and similar results were also reported by pre-
vious work [62,63]. The response time of these two types of pho-
todetectors was also measured and shown in Fig. 5e. The rise time
and fall time of photodetectors were defined as the time varied
between the current of 10% and 90%. For device without graphene,
its rise time and fall time were 7.2 and 6.8 ms, respectively. How-
ever, the UV photodetector with the graphene exhibited longer rise
time and fall time of 18.2 and 7.2 ms. For the UV photodetector with
PMMA-converted graphene as carrier transport channel, the photo-
generated carriers in u-GaN absorber was drifted into graphene by



Fig. 5. (a) Schematic diagram of the device structure of u-GaN-based UV photodetector with the grown few-layer graphene as the carrier transport channel. (b) The corresponding
OM image of the UV photodetector. (c) Raman spectra of bare u-GaN and grown few-layer graphene on u-GaN. (d) The photocurrent and (e) response time of UV photodetectors
with and without the grown few-layer graphene. (A colour version of this figure can be viewed online.)

Table 1
Comparison of the response with previous works.

GaN Type Graphene Type Irradiation Source Bias Voltage Response Ref.

Bulk GaN w/o 325 nm Laser 5 V 633 mA/W [8]
GaN Nanowire Transferred (CVD) 357 nm LED 1 V 25 A/W [58]
Bulk GaN r-GO 340 nm Light 0 V 1.54 mA/W [59]
Bulk GaN Transferred (CVD) 325 nm Laser 10 V 361.3 mA/W [62]
Bulk GaN Transferred (CVD) 325 nm Laser �10 V 5.83 A/W [63]
Bulk GaN Growth 266 nm Laser 10 V 4 A/W This Work
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the built-in field at the interface between u-GaN and graphene.
Different from the limited carrier mobility of bare u-GaN, the
photo-generated carriers could be circled in graphene for many
times due to its high carrier mobility [63]. In this way, the UV
photodetector with graphene exhibited larger response and longer
response time.

In order to evaluate the effect of Nickel/SiO2 capping layers, UV
photodetectors were also fabricated on u-GaN with the surfaces of
PMMA and PMMA/Nickel for comparison, as shown in Fig. S9. Here,
without any capping layer, PMMA would be evaporated and taken
away fromu-GaN surface during the annealing process, as shown in
Fig. 1c and Fig. S9a. For PMMA/Nickel surface, the deformed Nickel
particle could make discontinuous amorphous carbon remaining
on u-GaN surface, as shown in Fig. 1aeb and Fig. S9b. In this way,
the UV photodetector with PMMA surface has exhibited the
photocurrent and response of 26.3 mA and 20.6 mA/W, which was
161
comparable to that of bare u-GaN-based device in Fig. 5d. The
higher photocurrent and response of 623 mA and 489 mA/W were
observed for the UV photodetector with PMMA/Nickel surface,
whichmight be attributed to the existence of amorphous carbon on
u-GaN surface. However, the responsewas still obviously inferior to
the UV photodetector with PMMA/Nickel/SiO2 surface by an order
of magnitude. The UV photodetector based on PMMA/Nickel/SiO2

surface with high response has further demonstrated the excellent
crystalline quality of the few-layer graphene converted from PMMA
by this strategy. In addition, the response of this UV photodetector
was compared with previous works in Table 1, which exhibits
similar or even better performance. Therefore, other types of device
including high electron mobility transistors, LEDs and surface
acoustic wave devices might be fabricated with this growth of
graphene as the electrodes.
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4. Conclusion

In conclusion, we reported the growth of high-quality few-layer
graphene from the PMMA solid carbon source on dielectric sub-
strates with the Nickel/SiO2 capping layer. The growth conditions
were optimized by growth temperature and time, and as-grown
graphene exhibited better quality compared with the previously
reported CVD-grown graphene. The successful growth of contin-
uous and uniform graphene on the wafer-scale sapphire substrate
proved the potential mass-production for this strategy. Besides, the
dynamics of the growth process of this grown graphene were
proposed, which was crucial for providing guidance of the growth
of high-quality graphene. The graphene converted from PMMAwas
grown on u-GaN as a charge transport channel, and the as-
fabricated UV photodetectors exhibited high response. This work
has provided a simple and reliable method for graphene growth
except conventional CVD, which exhibited potential for graphene-
based electronic and optoelectronic devices.
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