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Switching Vertical to Horizontal Graphene Growth
Using Faraday Cage-Assisted PECVD Approach for
High-Performance Transparent Heating Device

Yue Qi, Bing Deng, Xiao Guo, Shulin Chen, Jing Gao, Tianran Li, Zhipeng Dou,
Haina Ci, Jingyu Sun, Zhaolong Chen, Ruoyu Wang, Lingzhi Cui, Xudong Chen,
Ke Chen, Huihui Wang, Sheng Wang, Peng Gao, Mark H. Rummeli, Hailin Peng,

Yanfeng Zhang,* and Zhongfan Liu*

Plasma-enhanced chemical vapor deposition (PECVD) is an applicable route to
achieve low-temperature growth of graphene, typically shaped like vertical nano-
walls. However, for transparent electronic applications, the rich exposed edges
and high specific surface area of vertical graphene (VG) nanowalls can enhance
the carrier scattering and light absorption, resulting in high sheet resistance and
low transmittance. Thus, the synthesis of laid-down graphene (LG) is imperative.
Here, a Faraday cage is designed to switch graphene growth in PECVD from the
vertical to the horizontal direction by weakening ion bombardment and shielding
electric field. Consequently, laid-down graphene is synthesized on low-softening-
point soda-lime glass (6 cm X 10 cm) at =580 °C. This is hardly realized through
the conventional PECVD or the thermal chemical vapor deposition methods with
the necessity of high growth temperature (1000 °C-1600 °C). Laid-down graphene

The direct metal-catalyst-free growth of
graphene on insulating substrates, such as
Si0,,12 AL,04,34 SrTiO4,P! and glass,!®”]
is critical to the development of graphene-
based electronics, which bypasses the
complicated graphene transfer procedure
and accordingly avoids severe film quality
degradation.>®#11  However, for high-
quality graphene synthesis on insulating
substrates through conventional thermal
chemical vapor deposition (CVD) method,
high growth temperature (1000-1600 °C)
is always necessary to assist the decompo-
sition of carbon precursors and boost the

crystallization of graphene.>3>7] This syn-
thetic process is cost ineffective because
of high energy consumption. Further-
more, the choices of substrates are gener-
ally limited to high-temperature-resistant

glass has higher transparency, lower sheet resistance, and much improved macro-
scopic uniformity when compatre to its vertical graphene counterpart and it per-
forms better in transparent heating devices. This will inspire the next-generation
applications in low-cost transparent electronics.
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materials, such as Al,O; and SiO,, whereas other universal
materials with low softening/melting point, e.g., soda-lime
glass (<600 °C) are hardly applicable. Therefore, reducing the
growth temperature of graphene is imperative.

Plasma-enhanced chemical vapor deposition (PECVD) is a
reliable and scalable route for the low-temperature synthesis
of graphene (<600 °C) on insulating substrates, owing to its
capability of generating active species in plasma (e.g., charged
particles, energetic electrons, free radicals, and photons).l'>13]
Interestingly, graphene obtained through this method is typi-
cally shaped like vertical nanowalls, named vertical graphene
(VG)-nanowalls, which possess rich exposed edges, large spe-
cific surface area, nonstacking morphology, and good out-of-
plane conductivity.'®! These specifics endow VG-nanowalls
wide applications in biosensor,!'”] supercapacitor!’® as well as
energy storage and conversion.['’)

However, for VG-nanowalls, the in-plane conductivity was
not ideal due to serious scattering of charge carriers at the
abundant exposed edges.?>23l The unique vertical structures
could also function as “optical traps,” resulting in increased
light absorption and degraded transparency.”?*?’I The appli-
cations of such graphene nanowalls in transparent electronics
were thus limited to some extent. The laid-down graphene
(LG)-layers could better overcome the above issues, hence are
more suitable for transparent electronic applications. It is highly
desirable to synthesize LG-layers on transparent insulating
substrates (e.g., glass), through an innovative low-temperature
PECVD route.

The intense ion bombardment and directional electric field
are two main factors to induce the formation of VG-nanowalls
during a PECVD reaction.l!*28-33 In the initial stage of gra-
phene growth, the ion bombardment and lattice mismatch
between substrate and graphitic material usually caused defects
and buckles in the buffer layers, followed with the accumula-
tion of internal stress.'*32 Accordingly, the edges of buffer
layers or defects curved upward, and the vertical growth of gra-
phene stemmed from these curving edges.> Subsequently,
the diffusion of carbon cations along the vertical nanowalls
was enhanced by the local electric field in the sheath layer
in plasma, which guided the vertically oriented growth of
graphene.[143235.36]

Herein, a copper-foam-based Faraday cage was designed
to weaken the ion bombardment and shield the electric field,
aiming for switching graphene growth in PECVD from ver-
tical to horizontal directions. With the Faraday-cage-assisted
PECVD method, three goals have been achieved: (1) Graphene
synthesis on glass was realized at the temperature below the
softening temperature of soda-lime glass (=580 °C), and the
initial morphology of glass was maintained, which is hardly
achieved using the thermal CVD method with the necessity of
high growth temperature (1000-1600 °C); (2) Lateral growth of
graphene was resulted in the PECVD system, which is not pos-
sible through the conventional PECVD method with the typical
product of VG-nanowalls, and the LG-layers possess higher
transparency and lower sheet resistance comparing with the
VG-nanowalls counterpart, making it more suitable for trans-
parent electronic applications; (3) Large-scale uniform syn-
thesis of graphene was derived in the designed PECVD system
due to the elimination of electric field distortion effect around
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the glass edges in the Faraday cage, and the thickness uniform
region (up to 6 cm X 10 cm) is larger than the normal PECVD-
derived one. The laid-down graphene on glass performs excel-
lently in transparent heating devices, which sheds light on their
applications in next-generation low-cost transparent electronics.

The photograph and schematic of the PECVD apparatus are
displayed in Figure Slab in the Supporting Information. The
utilized plasma source is the direct current (dc) glow discharge
type. Methane (CH,) accompanied by argon (Ar) and hydrogen
(H,) is introduced into the chamber through the showerhead
placed on the upper side. A mass spectrum of ions revealed that
the main ions in plasma included three categories: hydrogen
related (H*, H,", H;*), argon related (Ar*, Ar,*, ArHY), and
carbon related (CH,*, C,H,*, C3H,*, C;H,") ones. The neutral
species such as H, H,, Hj, Ar, Ar,, CH, CH,, and CH;3, were
also detected.[1>37:38]

Under normal PECVD growth route, i.e., exposing the sub-
strate directly in plasma, the carbon pieces deposited on the
substrate form buffer layers at the initial growth stage. The
impurities on the substrate, the defects produced by intense
ion bombardment, and the lattice mismatch between substrate
and adlayer induce the accumulation of internal stress in buffer
layers, which leads to curl up of the defect or layer edges. This
is where the vertical growth of graphene stems from (pro-
cedures (1) in Figure 1a). In the subsequent growth process,
the local electric field in the sheath layer in plasma drives the
charged carbon species to move alongside the vertical nano-
walls until reaching the curled edges, and covalently bond to the
edge atoms (procedures (2) in Figure la). Additionally, owing
to the stronger localized electric field at the sharp VG-nanowall
edges, the atmospheric carbon cations would preferentially
land at the nanowall edges to participate graphene growth. This
electric field enhancement at the edges of nanowalls has also
been used in corona discharge electrodes.?” The whole process
for the vertical growth of graphene is schematically depicted in
Figure 1a, according to the published references.[1#29:32:34-36]

To evaluate the distribution of electric field in such a PECVD
system, a 2D qualitative simulation is carried out (Figure 1c). The
simulated length and height of the chamber and the glass substrate
are 1:1 to the objects, with values of 15 cm (length) x 5 cm (height)
and 5 cm x 0.1 cm, respectively. As a result, most of the space in
chamber presents nearly uniform electric field with a magnitude
of 6000 V m™, except for the spaces around the glass edges.

After the normal PECVD growth process, a rough surface
usually evolved, as presented in Figure S2 in the Supporting
Information by corresponding scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images. The mag-
nified AFM image (Figure le) presents a typical VG-nanowall
structure, with a room mean square (RMS) roughness of
=10.5 nm and nanowall height of =40.1 nm (growth duration:
~10 min). Figure 1f is the cross-sectional transmission electron
microscope (TEM) image for VG-nanowalls on glass, which
presents the vertical-oriented morphology of graphene.

However, as mentioned above, in transparent electronic
applications, the degradation of transmittancel®*"! and con-
ductivity?®23 always occurs in VG-nanowall-based samples.
The synthesis of LG-layers in PECVD is therefore preferential
to overcome such issues. Considering the electric field effect in
plasma, a natural idea is to shield it by a unique Faraday cage. In
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Figure 1. VG-nanowalls and LG-layers growth on glass in the PECVD system. a,b) Schematics and mechanisms for the normal and Faraday-cage-
assisted PECVD growth routes. Inset in (b): Photograph for the copper-foam-based Faraday cage with size of 15 cm (length) x 10 cm (width) X 2 cm
(height). ¢,d) 2D simulated distributions of the electric field in PECVD without c) and with d) Faraday cage under the voltage of 300 V. The dashed
lines represent the contour lines of the equal-magnitude electric field. The simulated length and height of reaction chamber, glass, and Faraday cage
are 15 cm (length) x 5 cm (height), 5 cm x 0.1 cm, and 10 cm X 2 cm, respectively, and the simulated aperture size of Faraday cage is 0.5 mm.
e) AFM image of VG-nanowalls on glass with an RMS roughness of =10.5 nm (growth time: =10 min). Bottom height profile along the line presents
a nanowall height of =40.1 nm (red arrow). g) AFM image of LG-layers on glass with an RMS roughness of =0.4 nm (growth time: =60 min). Bottom
height profile along the line displays the flat surface. f,h) Cross-sectional TEM images for VG-nanowalls f) and LG-layers h) on glass, respectively. Inset

in (f): Large-scale cross-sectional TEM image for VG-nanowalls.

this respect, the Faraday cage is constructed with the commer-
cial copper foam, which possesses an aperture size of =0.5 mm
and porosity of =80%. The size of the Faraday cage is 15 cm
(length) x 10 cm (width) x 2 cm (height) (inset photograph in
Figure 1b), which is hollow with the glass putting inside.

On one hand, this copper-foam-based Faraday cage enables
the partial blockage of incident energetic particles reaching the
glass surface, thereby mitigating the ion bombardment effect
and reducing the defects produced in the buffer layers. The
internal stress, which induces the upward curling of the edges
of defects, would be accordingly weakened.'*32] On the other
hand, when Faraday cage is utilized in the PECVD system, an
electric field lower than 0.1 V m™! can be realized, as simu-
lated in Figure 1d (aperture size: 0.5 mm). In this regard, the
electric-field effect inducing the vertical growth of graphene is
greatly suppressed. The plasma redistribution surrounding the
Faraday cage is shown in the on-site photo in Figure S1c in the
Supporting Information.

Consequently, the Faraday-cage-shielded graphene glass
possesses a large-scale surface flatness (Figure S2c, Sup-
porting Information), featured by a much smaller RMS rough-
ness of =0.4 nm, as shown in Figure 1g. The as-produced flat
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lying geometry was further convinced by transferring onto
an SiO,/Si substrate, showing a film thickness of =1.1 nm
(Figure S3, Supporting Information) (growth time: =60 min).
Figure 1h is the cross-sectional TEM image for LG-layers on
glass, which addresses the laid-down morphology of graphene.

In the previous studies,***! Faraday cage has been applied
in the plasma etching process to eliminate the distortion of
electric field at the convex corner of microfeatures on substrate,
aiming to suppress the faceting and achieve the vertical etching
profile. Note that, our work herein represents the first report
to apply the electric field shielding effect of Faraday cage in
material synthesis to switch graphene growth in PECVD from
vertical to horizontal directions. Interestingly, this Faraday-cage-
assisted PECVD route successfully realizes the low-temperature
(=580 °C) synthesis of LG-layers on catalysis-free insulating
substrate. This is hardly realized through the conventional
PECVD method with the typical product of VG-nanowalls, or
the thermal CVD method with the necessity of high growth
temperature (1000-1600 °C).

In the synthesis of VG-nanowalls and LG-layers on glass
via PECVD, the nanowall height, layer thickness, and surface
roughness of obtained graphene could be tailored by adjusting
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the growth durations (see Figures S4 and S6, Supporting Infor-
mation for details). These varied morphologies of graphene
could impose different surface wettability on glass. The contact
angles of VG nanowall-covered glass with different nanowall
height and surface roughness are displayed in Figure S7a in
the Supporting Information. As such, the bare glass shows a
pristine static water contact angle of =30.8°, whereas the VG
nanowall-covered glass becomes highly hydrophobic with the
contact angle larger than 130°. In contrast, LG layer-covered
glass shows much smaller contact angle, which could be tai-
lored between 67.9° and 98.7° by adjusting the growth time
(Figure S7b, Supporting Information). It is evident to observe
that VG nanowall-covered glass shows superior hydrophobicity
as compared to the LG layer-covered glass.

In light of the scalable applications of graphene glass in trans-
parent electronics, its large-scale uniformity is a key prerequi-
site. In the present work, Faraday cage performs excellently in
improving the uniformity. To clarify this issue, the distribution
of electric field surrounding the glass in PECVD was carefully
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evaluated through the 2D theoretical simulation. With regards
to a normal PECVD system, an uneven distribution of the elec-
tric field (from =6000 to ~8000 V m™!) on the glass surface can
be observed, with the positions changing from the internal
areas to the edges (Figure 2a). This could be explained by the
fact that the equipotential contour in the sheath layer in plasma
is curved following the microfeatures on the substrate surface,
including the edges and the sharp points. A concentrated elec-
tric field was usually induced at the convex corner due to its
high aspect ratio.**#! Herein, for glass directly exposed to the
plasma, the flux of carbon cations around the edges is obviously
increased by this field distortion, as compared with that at the
internal areas, giving rise to a higher growth rate of graphene,
and consequently the formation of thicker graphene at glass
edges.

The macroscopic photograph, transmittance measure-
ment, AFM characterization, and Raman spectroscopy were
used to evaluate the uniformity of graphene glass. The photo-
graph of normal PECVD-derived graphene glass (Figure 2c)
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Figure 2. Uniformity comparisons between graphene glasses obtained through the normal and Faraday-cage-assisted PECVD routes. a,b) 2D simulated
distributions of the electric field around the glass directly in plasma a) and in Faraday cage b) (just presenting the inner space of the cage, aperture size:
=~0.1 mm). c) Photograph of normal PECVD-derived graphene glass (10 cm x 6 cm), with the transmittance of =30.5% at glass edges and =80.0% at the
central regions. d) Photograph of Faraday-cage-shielded graphene glass, with homogeneous transmittance of =80.0% on the entire glass. e,f) Series of
Raman spectra from graphene glass in (c,d) along the arrows, with growth time of =10 and =60 min, respectively. AFM images bordered by green and
red frames in (e) show the VG-nanowalls from the regions in corresponding colored squares in (c). The profiles present the different nanowall height of
=~11.6 and =47.5 nm, respectively. AFM images bordered by green and red frames in (f) show the LG-layers from the regions in corresponding colored
squares in (d). The profiles present the homogeneous thickness of =2.2 nm (after transferring onto SiO,/Si substrate).
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Figure 3. Effects of the aperture size of Faraday cage on the morphology of graphene on glass. a,b) Photographs of Faraday cages (4 cm x4 cm x 2 cm)
constructed with copper foam showing aperture size of =5.0 mm a) and =0.1 mm b), respectively. c,d) 3D AFM images of graphene on glass obtained
in Faraday cages in (a) and (b), respectively. Graphene glasses possess nearly equal transmittances of =76.0% and =75.5%, respectively. Rough surface
with an RMS roughness of =2.2 nm and flat surface with a roughness of =0.3 nm were observed in (c) and (d), respectively. e) Left axis: Electric field
at the cage center, glass center, and glass edge in Faraday cage plotted as a function of the aperture size of the utilized copper foam (=5.0, =2.0, =0.7,
=0.5, and =0.1 mm); Right axis: Dependence of RMS roughness of graphene glass on the appetize size of Faraday cage (=0.1, =0.5, and =5.0 mm).

presents a nonuniform distribution of graphene thickness
at a 10 cm x 6 cm size, with the transmittance varying from
=30.5% to =80.0% as the positions changing from edges
to central areas. AFM images bordered by green and red
frames in Figure 2e show the density and height difference of
VG-nanowalls (=11.6 vs =47.5 nm) at the internal and edge
areas of glass, corresponding to the regions in the colored
squares in Figure 2c. Additionally, at the central areas, many
regions are still void of the coverage of VG-nanowalls. This
nonuniformity has also been manifested by a series of Raman
spectra in Figure 2e, which present characteristic Raman peaks
for graphene at 1349 cm™ (D band), 1591 cm™ (G band), and
2690 cm™ (2D band) (normalized to G peak intensity for com-
parison). The intensity of 2D peaks increased obviously, as the
measured locations approached the edges of glass (red arrows in
Figure 2¢,e). It is worth noting that such nonuniformity is even
inevitable on the small-size graphene glass (1.5 cm x 1.5 cm)
(Figure S8a, Supporting Information).

In contrast, for our Faraday-cage-assisted PECVD system,
the distortion of the electric field around glass edges is elimi-
nated. This is visually displayed in the 2D electric field simula-
tion (Figure 2b), showing a negligible electric field weaker than
10 V m™ in the cage (aperture size: 0.1 mm). In this regard,
the concentration distribution of carbon cations on substrate
surface is relatively even.

Consequently, uniform graphene glass was obtained, with
homogeneous =80.0% transmittance on entire glass (10 cm X
6 cm, photograph in Figure 2d). AFM images and height pro-
files in Figure 2f reconfirm the uniformity of LG-layers, with
homogeneous thickness of =2.2 nm at the internal and edge
areas of glass, corresponding to regions in colored squares in
Figure 2d (measured after transferring onto SiO,/Si substrate).
The formation of uniform graphene was also convinced by the
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identical Raman spectra obtained from the entire glass sub-
strates (Figure 2f). In this regard, the Faraday-cage-shielded
graphene glass possesses superior uniformity as compared to
the normal PECVD-derived one, enabling its scalable applica-
tions. However, the quality of the LG-layers is not ideal, which
is mainly due to the rather low growth temperature. The crys-
talline quality could be further improved through increasing
the growth temperature, as shown in the selected area electron
diffraction and HRTEM images in Figure S9 in the Supporting
Information.

The level of shielding effect from Faraday cage could be
tailored by adjusting the aperture size of the copper foam.
The photographs of the copper-foam-based Faraday cages
with the aperture size of =5.0 and =0.1 mm are displayed in
Figure 3a,b, respectively. The instructive 2D simulated distribu-
tions of electric field in both types of Faraday cages are shown
in Figure S1la,e in the Supporting Information, respectively. In
the larger-aperture Faraday cage (=5.0 mm), nonuniform elec-
tric field was observed to vary from =35 to =22 V m™! around
the glass surface, thus addressing the not ideal shielding effect.
Consequently, discrete graphene flakes, instead of LG-layers,
distributed randomly on the glass with a high RMS roughness
of =2.2 nm (AFM images in Figure 3c and Figure S10a, Sup-
porting Information).

In contrast, in the smaller-aperture Faraday cage (=0.1 mm),
electric field weaker than 10° V m™' was realized (Figure S11e,
Supporting Information). The derived graphene presents a
laid-down morphology, featured by a flat surface with an RMS
roughness of =0.3 nm (Figure 3d and Figure S10b, Supporting
Information). Additionally, the 2D simulated distributions of
electric field in Faraday cages with the aperture size of =2.0,
=0.7, and =0.5 mm are also supplemented in Figure S11 in the
Supporting Information. The electric field at the cage center,
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Figure 4. Comparisons of transmittance and sheet resistance of graphene glass fabricated through the normal and Faraday-cage-assisted PECVD
routes. a) Transmittance and sheet resistance of normal PECVD-derived (red) and Faraday-cage-shielded graphene glass (=0.5 mm aperture size)
(black). b) Statistics for the transmittance and sheet resistance from 20 graphene glass samples fabricated through the two routes in this work, and
the comparisions with the reported results, wherein graphene is synthesized with rGO, LEG, CVD, and PECVD methods. The sheet resistance and
transmittance were measured at the central regions of glass. ¢,d) Spatial distributions of sheet resistance of the two types of graphene glass (nearly
equal transmittance: =76.9% and =76.5%, respectively). The maps are composed of 60 points, collected from 6 cm x 10 cm graphene glass. Insets:
Statistical distributions of the sheet resistance. e) Average sheet resistances of graphene glass obtained in Faraday cages with different aperture sizes

of =5.0, =0.5, and =0.1 mm.

glass center, and glass edge in Faraday cage plotted as a func-
tion of the aperture size intuitively addresses that the smaller
aperture size gives rise to a better shielding effect (left axis in
Figure 3e). Notably, when the aperture size is up to =5.0 mm,
the function of Faraday cage starts to be not ideal. The right axis
in Figure 3e is the dependence of RMS roughness of graphene
glass on the appetize size of Faraday cage. The RMS roughness
is obviously increased with enhancing the aperture size.

For transparent electronic applications, the electrical and
optical properties of the fabricated graphene glass should be
comprehensively evaluated. Similar to other transparent con-
ductive films, the conductivity and transparency of graphene
glass present a trade-off effect, varying with the height of gra-
phene nanowall or the layer thickness. The two properties for
the normal PECVD-derived graphene glass (black) and the
Faraday-cage-shielded one (red) are displayed in Figure 4a.
Under the identical transmittance at 550 nm, the Faraday-cage-
shielded graphene glass showed lower sheet resistance than the
normal PECVD-derived one (=76.5%, =3.7 kQ sq~" vs =76.9%,
=7.3 kQ sq; =70.3%, =2.9 kQ sq7! vs =70.0%, =5.8 kQ sq7}).
The statistics of sheet resistances under various transmittances
(Figure 4b) further illustrate the obvious superiority of Faraday-
cage-shielded graphene glass in conductivity and transparency.
This originates from the weaker carrier scattering and lower
light absorption ratio of LG-layers than VG-nanowalls.?>-%7]
Notably, the sheet resistance and transmittance were meas-
ured at the central regions of glass (Figure S12, Supporting
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Information). Additionally, the statistics also justify our ability
to tune the optical and electrical properties of as-fabricated
graphene glass. The transmittance and sheet resistance of
graphene in the reported systems are also summarized for
comparisons. Under the same transmittance, the sheet resist-
ance of LG-layers achieved in this work is comparable, or even
lower than that reported previously, wherein the graphene sam-
ples were fabricated through PECVD, liquid phase exfoliation
from graphite (LEG) or rGO.*?7* However, the sheet resist-
ance of LG-layers is higher than that of the CVD-grown gra-
phene (growth temperature >1000 °C). This is partially due to
the lower growth temperature in this work (=580 °C) and the
relatively lower crystal quality.*’*% The comparisons of sheet
resistance for various types of graphene at =80% transmittance
(obtained under respective growth temperature) are also pre-
sented in Figure S13 in the Supporting Information.*+->3]
Moreover, the Faraday cage design could largely improve
the uniformity of sheet resistance of graphene glass, which
was clearly reflected in the sheet resistance mapping results in
Figure 4c,d (similar transmittance: =76.9% and =76.5%, respec-
tively). A nonuniform sheet resistance distribution can be
observed on the normal PECVD-derived graphene glass (6 cm x
10 cm), with the value varying from =7.0 to =2.0 kQ sq7?, as the
positions changing from inner areas to the edges (Figure 4c).
Notably, this nonuniformity is even inevitable on the small-
size graphene glass (1.5 cm x 1.5 cm) (Figure S14a, Supporting
Information). In contrast, a homogenous sheet resistance of
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Figure 5. Transparent heating device constructed with graphene glass. a,b) Infrared images of temperature on graphene glass (6 cm x 10 cm) fabri-
cated with the Faraday-cage-assisted a) and normal b) PECVD routes. Inset in (a): Schematic of the graphene glass heater. c,d) Glass temperature and
frost removal time plotted as a function of the input voltage for the two types of transparent defrosters. e) Photographs depicting the performance of
the transparent defroster device constructed with Faraday-cage-shielded graphene glass, before (upper) and after (lower) heating at =20 V for =110 s.

=4.0 kQ sq7' in 6 cm X 10 cm size can be derived from the
Faraday-cage-shielded graphene glass (Figure 4d). The large-
scale uniform electrical conductivity of graphene glass holds
the promise for its scalable applications in transparent elec-
tronics. Additionally, the average sheet resistances of graphene
glass obtained in Faraday cages with different aperture sizes
of =5.0, =0.5, and =0.1 mm suggest that, a smaller aperture
size brings a lower sheet resistance and a better uniformity, as
explicitly shown in Figure 4e and Figure S14 in the Supporting
Information.

The unique advantages of the Faraday-cage-shielded gra-
phene glass, including its low production temperature, high
transparency, reduced sheet resistance, excellent uniformity,
and more importantly, its compatibility with normal soda-
lime glass, render it readily applicable to the fabrication of
transparent heating device, as demonstrated in Figure 5a
(size: 6 cm x 10 cm, transmittance: =72%, sheet resistance:
=2.9 kQ sq7"). Inset shows the schematic of the heater. Under
the input voltage of =30 V, the graphene glass shows uniform
temperature distribution of 64.5 + 1.0 °C, as presented in
the IR image in Figure 5a. In contrast, for the heating device
constructed with normal PECVD-derived graphene glass, a
nonuniform temperature distribution varying from =25.5 °C
(internal areas) to =51.0 °C (edges) was observed under =30 V
(Figure 5b, transmittance: =72% (internal areas), nonuniform
sheet resistance: 2.0-6.0 kQ sq7!). The IR images under =20 V
further denote the uniformity difference between the two types
of samples (Figure S15, Supporting Information). Generally,
under various input voltages, the Faraday-cage-shielded gra-
phene glass always enables a higher surface heating tempera-
ture than that of the normal PECVD-derived one (left Y axes in
Figure 5c,d, respectively).

One promising application for the heating performance of
graphene glass is to serve as a defroster device (Figure 5e). The
device constructed using the Faraday-cage-shielded graphene
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glass affords an advanced defrosting performance with a com-
pletion time of =110 s under =20 V (right axis in Figure 5c¢),
comparable to that of metal-wire-based defrosting windows
utilized in modern vehicles, and superior to the normal
PECVD-derived graphene-glass defroster with a completion
time of =450 s under =20 V (right axis in Figure 5d). In gen-
eral, the Faraday-cage-assisted PECVD method brings large-
scale uniformity, good transparency, high heating tempera-
ture, and advanced defrosting performance in the transparent
heating devices, thus presents potentials in future scalable
applications.

In summary, by virtue of the Faraday-cage-assisted PECVD
route, the LG-layers were synthesized at a temperature as low
as =580 °C on a large-size catalysis-free insulating substrate
(glass), which is hardly realized through the conventional
PECVD method with the typical product of VG-nanowalls, or
the thermal CVD method with the necessity of high growth
temperature (1000-1600 °C). Considering its low cost, scal-
able size, high transparency, low sheet resistance, and
excellent uniformity, the LG layer-covered glass will favor the
next-generation applications in transparent electronics, intel-
ligent building, and advanced optical instruments.

Experimental Section

Synthesis of Graphene on Glass in PECVD: Aixtron Black Magic 6-inch
PECVD was used to synthesize graphene on glass. The pressure of the
PECVD system is 500 Pa.

Characterization: The prepared samples were characterized using
SEM (Hitachi S-4800, operating at 1 kV), Raman spectroscopy (Horiba,
LabRAM HR-800, 514 nm laser excitation, 100 X objective lens), contact
angle system (DataPhysics, OCA20), UV-vis spectroscopy (Perkin-Elmer
Lambda 950 spectrophotometer), and four-probe resistance measuring
meter (Guangzhou 4-probe Tech Co. Ltd., RTS-4). The IR image of
temperature was obtained by an FLUKE Ti 10 Infrared Camera.
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