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Fluorobenzene and Water-Promoted Rapid Growth of
Vertical Graphene Arrays by Electric-Field-Assisted PECVD

Chao Shen, Shichen Xu, Zhuo Chen, Nannan Ji, Jinhui Yang,* and Jin Zhang*

Vertical graphene (VG) arrays show exposed sharp edges, ultra-low elec-
trical resistance, large surface-to-volume ratio, and low light reflectivity, thus
having great potential in emerging applications, including field emission,
sensing, energy storage devices, and stray light shields. Although plasma
enhanced chemical vapor deposition (PECVD) is regarded as an effective
approach for the synthesis of VG, it is still challenging to increase the growth
rate and height of VG arrays simultaneously. Herein, a fluorobenzene and
water-assisted method to rapidly grow VG arrays in an electric field-assisted
PECVD system is developed. Fluorobenzene-based carbon sources are used
to produce highly electronegative fluorine radicals to accelerate the decom-
position of methanol and promote the growth of VG. Water is applied to
produce hydroxyl radicals in order to etch amorphous carbon and accelerate
the VG growth. The fastest growth rate can be up to 15.9 um h7. Finally, VG
arrays with a height of 144 um are successfully synthesized at an average rate
of 14.4 um h7\. As a kind of super black material, these VG arrays exhibit an

ultra-low reflectance of 0.25%, showing great prospect in stray light shielding.

VG can be easily obtained through top-
down methods using graphene oxide
(GO), the presence of impurities and
oxygen-containing functional groups in
GO can significantly cause phonon scat-
tering and electronic structure changing,
thus significantly affecting the thermal
and electrical properties and especially
causing serious impact on their related
applications. By contrast, bottom-up
methods represented by plasma enhanced
chemical vapor deposition (PECVD) can
directly grow VG in one step, which ena-
bles to retain the intrinsic properties of
graphene.®3] Owing to these advantages,
PECVD has been considered as a prom-
ising and controllable technique to fabri-
cate VG.

As a significant method for pro-

1. Introduction

Different from horizontal graphene films, vertical graphene
(VG) arrays possess a special structure, including non-stacking
morphology, exposed sharp edges, low reflectance, and great
mechanical stabilities.!! Due to these excellent properties, VG
arrays have become the most promising material for applica-
tion in super black materials,*?! field emission devices,*> and
supercapacitors.l®! To fulfill the increasing demand for VG,
various preparation methods have been successively developed,
including top-down”# and bottom-up!®'? methods. Although
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ducing carbon materials including dia-
monds, carbon nanotubes (CNTs), 1]
graphene,'®l and especially VG, PECVD
system can be classified into many types according to the
plasma sources, such as direct current (DC) sources,[”) radio
frequencies (RF) sources, microwave (MW) sources, ! and
combinations of the aforementioned types. Due to high elec-
tron energy and density, low growth temperature, and simple
growth equipment, RF-PECVD is regarded as an effective
method to prepare VG. However, RF-PECVD still faces the dif-
ficulty in rapid and vertically oriented growth of VG. By intro-
ducing built-in electric field into RE-PECVD, our group has
realized the controlled preparation of graphene sheets strictly
perpendicular to the substrates.'! However, accelerating its
growth rate is still a very difficult problem. Many catalysts and
carbon sources were introduced into the RF-PECVD system
to promote the growth of VG.01120 Nonetheless, it still took
hours to synthesize VG with a height of several microns, which
restricts the widespread applications of VG. Therefore, rapid
growth of ultrahigh VG with controllable orientation is of vital
importance.

Herein, we developed a fluorobenzene and water-assisted
method for the growth of VG arrays in electric field-assisted
RF-PECVD system. Under the effect of highly electronegative
fluorine radicals decomposed from fluorobenzene, the fastest
growth rate of VG arrays in our system could be increased by
three times from 3.6 to 11.2 um h~!. Furthermore, the fastest
growth rate of VG arrays can be further increased to 15.9 um h*
when an appropriate proportion of water was introduced into
growth system to etch amorphous carbon. The height of the VG
arrays can reach 144 um. Finally, as a super black material, the

© 2023 Wiley-VCH GmbH
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as-grown VG arrays exhibited an ultralow reflectance of <0.25%
in the visible light region, showing great potential in applica-
tions of stray light masks, energy collection, and bolometer.

2. Results and Discussion

Figure 1a schematically illustrates the process for preparing VG
arrays by fluorobenzene and water-assisted PECVD system. The
electric-field-assisted PECVD setup is shown in Figure S1, Sup-
porting Information. Under the combined effect of high tem-
perature, plasma bombardment, and fluorine radicals, methanol
can be decomposed into various radicals. Meanwhile, water is
introduced in the system to etch amorphous carbon. The struc-
ture of VG arrays is revealed by SEM (Figure 1b). The height of
VG arrays grown in our PECVD system reaches 143.9 um with
an average growth rate of 14.4 um h™.. The intensity ratio of D
peak to G peak is 1.02 and intensity ratio of 2D peak to G peak
is 0.60 in the Raman spectra (Figure 1c). Figure 1d exhibits the
height of graphene grown by the conventional RF-PECVD and
our method as a function of time, where the slope represents
the average growth rate of VG. It can be found that most VG
has a slow growth rate and limited height. Compared with VG
arrays produced by conventional RF-PECVD method, VG arrays
grown by fluorobenzene and water-assisted RF-PECVD have
superior advantages in growth rate, height, and morphology
(Figure S2 and Table S1, Supporting Information).
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2.1. The Effect of Fluorobenzene

In the PECVD process, carbon sources are decomposed under
the effect of plasma. Then radicals, which are pivotal factors
to grow VG such as C,, CH, and H, are generated. Since hal-
ogen radical possesses a strong electronegativity, it can easily
facilitate carbon sources dehydrogenation reaction.l??2l Herein,
fluorobenzene is chosen to promote the decomposition of meth-
anol. The effect of fluorobenzene is schematically illustrated in
Figure 2a. The energy generated by the plasma is high enough
to decompose the fluorobenzene into fluorine radicals effec-
tively. The fluorine radicals can help carbon sources decompose
into active radicals, and this is followed by the nucleation and
growth of VG.[223 Figure 2b,c show that after the introduction
of fluorobenzene, the height of VG arrays is strongly increased.
As shown in Figure 2d and Figure S3, Supporting Informa-
tion, the growth rate of VG arrays gradually increases with the
ratio of fluorobenzene to methanol increasing and reaches the
fastest rate of 11.2 um h™! when the optimum ratio is 1:5. With
further increase of the ratio of fluorobenzene to methanol,
the growth rate of VG arrays significantly slows down. This is
because too much amorphous carbon generated by extra active
carbon species will be absorbed on the open edge of VG, so that
the growth of VG is inhibited.

In situ optical emission spectrum (OES) is used to reveal
the growth mechanism of two different systems. Although C,,
OH, CH, and H peaks can be found in both systems with and
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Figure 1. Fluorobenzene and water assisted synthesis process and growth results of VG. a) Schematic illustrating the growth procedure of VG arrays
in fluorobenzene and water system. b) Cross-sectional SEM image of VG arrays after 10 h growth. c) Raman spectrum of VG arrays. d) Comparison of
height, average growth rate, and morphology of VG between our work and previous works using traditional RF-PECVD methods. The slope represents

the average growth rate.
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Figure 2. Rapid growth of VG arrays assisted by fluorobenzene. a) Schematic illustrating the growth procedure of VG arrays in fluorobenzene system.
b) Sectional SEM images of VG arrays grown with fluorobenzene. c) Sectional SEM images of VG arrays grown without fluorobenzene. d) Volume ratio
of fluorobenzene to methanol on VG arrays growth. e) In situ OES spectra of the reaction systems.

without fluorobenzene, the signal of fluorine at 696.6, 703.7,
and 639.9 nm can only be detected in the fluorobenzene-based
carbon sources system (Figure 2e).?3-%%! The ratios of OH peak
to H,, peak (0.34) and C, peak to H,, peak (0.32) in fluoroben-
zene system are much higher than the ratios of OH peak to H,
peak (0.20) and C, peak to H,, peak (0.12) in non-fluorobenzene
system, respectively. Usually, the more C, radicals, the faster
the VG grows.?>%] In addition, the rapid growth of VG arrays
was attributed to the present of fluorine element, which can
directly react with methanol to promote the dehydrogenation
reaction of carbon sources.

2.2. The Effect of Water

Hydroxyl radical is an excellent etching agent in the growth
of various carbon materials.?®-3! Normally, hydroxyl radical is
produced from the alcohol-based carbon source by bombard-
ment of plasma and pyrolysis of high temperature. However,
hydroxyl radicals generated from methanol carbon source are
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not enough to etch amorphous carbon in high carbon density
in our fluorobenzene-based PECVD system. Therefore, water
is chosen to produce more hydroxyl radicals. Figure 3a sche-
matically illustrates the etching mechanism of water during VG
growth. In the process of VG growth, some amorphous carbon
can be absorbed on both the VG surface and open edge which
could result in the decline of growth rate and defects of VG.
Therefore, hydroxyl radicals generated by plasma and high
temperature can help remove the amorphous carbon, thus
remaining the growth activity of VG. Figure 3b and Figure S4,
Supporting Information, show that the growth rate of VG
arrays gradually increases and reaches a peak of 15.9 um h™
with the increase of water. After that, the growth rate gradu-
ally decreases, which indicates too much water will inhibit the
growth of VG arrays. As is shown in Figure 3c and Figure S5,
Supporting Information, after introduction of water, all of the
growth rate of VG arrays can be increased using carbon sources
with different volume ratios of fluorobenzene to methanol.
Moreover, the Ip/I; of VG produced under high-concentration
carbon source decreases gradually with the increase of the

© 2023 Wiley-VCH GmbH
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Figure 3. Rapid growth of VG arrays assisted by water. a) Schematic illustrating the growth procedure of VG arrays in water system. b) The relation-
ship between the growth rate of the VG arrays and the volume ratio of water and methanol, under the ratio of 1:5 fluorobenzene to methanol. c) Line
chart comparing the heights of VG arrays grown with and without water versus volume ratio of fluorobenzene to methanol. d) Line chart comparing
the Ip/lg of VG arrays grown with high carbon source and low carbon source versus volume ratio of water to methanol. e) Histogram comparing the

heights of VG arrays grown with different time.

water ratio, indicating that the quality of VG becomes higher.
However, when the low-concentration carbon source is applied,
the Ip/I; does not decrease significantly, but increases slightly
(Figure 3d). In the low-concentration carbon source system,
due to less amorphous carbon during VG growth, the hydroxyl
radicals generated by a large amount of water will dilute the
active carbon radicals, then inhibit the growth of VG and intro-
duce some defects in VG sheets. Figure 3e and Figure S6,
Supporting Information, show there is a linear relationship
between the height of VG arrays and growth time, more impor-
tantly VG arrays at a height of 144 um are prepared within
10 h.B>4 Figure S7, Supporting Information, shows that the
sheet resistance of VG arrays gradually decreases and tends
to be stable with the increase of growth time, and Figure S8,
Supporting Information, reveals an obvious disparity of surface
wettability between VG glass and bare glass. Further, the con-
tact angle values show a gradual increase with the extension of
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CVD growth time and reaching 149.2° for 60 min growth. Such
a surface hydrophobicity of VG arrays is of great practical sig-
nificance for self-cleaning applications. Furthermore, both SEM
elemental analysis and XPS show that the VG is free of fluo-
rine, which means that fluorine only plays an important role
in gas reaction for rapid growth of VG arrays (Figure S9, Sup-
porting Information).

2.3. Application of VG Arrays

Experiments have verified the universality of our method to
grow VG arrays, and ultra-black VG arrays can be obtained
on different substrates, including copper foil, iron foil, silicon
wafer, and graphite paper (Figure 4a). As a matter of fact, the
interaction between light and porous material can be divided
into three categories according to the different feature sizes of

© 2023 Wiley-VCH GmbH
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Figure 4. a) Photograph of VG arrays grown on various substrates. b) Schematic diagram showing the light reflectivity of VG arrays. c) Series of hemi-
spherical reflectance spectra of VG arrays samples. d) The hemispherical reflectance of VG arrays grown for different times.

pores: pores with the dimensions much larger than the light
wavelength, pores with dimensions in the same scale as the
light wavelength, and pores with the dimensions much smaller
than the light wavelength. Among them, reflectivity can be min-
imized when the gap between arrays has the same dimension
as the light wavelength. At this point, the light can be trapped
in the gap, resulting in multiple internal reflections, which
are eventually fully absorbed.*d For our system, the pores
between our graphene arrays are no more than 1 um and even
can be as small as 100 nm(Figure S10, Supporting Informa-
tion), which are in the same scale of visible wavelengths
(400-800 nm), therefore the reflectivity in the visible range can
reach a very low level. As illustrated in Figure 4b, light on the VG
arrays is trapped in the gap between VG sheets, and the light
is completely absorbed by the VG array after multiple internal
reflections ultimately making the reflectance of VG extremely
low. Compared to VG arrays with a height of several microm-
eters, the incident light in VG arrays with a height of 100 um
will be reflected, refracted, and absorbed many times, resulting
in a low reflectivity (Figure S11, Supporting Information). As
shown in Figure 4c and Figure S12, Supporting Information,
the hemispherical reflectance in the visible spectral and near
IR regions are measured for the VG arrays samples with dif-
ferent growth time. There is a gradual decrease in reflectance
when growth time is prolonged and it is remarkable that for
VG arrays with 10 h growth the reflectance reaches up to 0.19%
at a wavelength of 700 nm. Furthermore, Figure 4d shows the
growth time-dependent hemispherical reflectance. With the
increase of growth time, the reflectivity of VG arrays gradually
decreases and tends to be stable. In addition, the difference in
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reflectivity of VG on different substrates is very small (Figure
S13, Supporting Information).

3. Conclusion

In this study, we developed a double-enhanced method for
rapid growth of VG arrays. Using this method, the growth rate
and height of VG arrays in the PECVD system were directly
enhanced by introducing fluorobenzene and water. Among
them, fluorobenzene promoted carbon source decomposing
and water etched amorphous carbon, which both acceler-
ated the growth of VG arrays. Finally, the fastest growth rate
can be up to 15.9 um h~. When the appropriate volume ratio
of fluorobenzene and water were introduced into methanol
carbon source, the height of VG arrays could reach 144 um at an
average growth rate of 14.4 um h7%. In addition, the total reflec-
tance of VG arrays can reach up to 0.19% because most of the
light was trapped in the deep gap of VG arrays, and VG arrays
prepared by this catalyst-free method were expected to become
an ideal super black material. Due to the catalyst-free growth
conditions, low reflectivity, and fast growth rate, the resultant
super black material shows a great potential to be applied onto
stray light shields.

4. Experimental Section

Preparation of VG Arrays: A conventional inductively coupled PECVD
with a built-in electric field was used to grow VG arrays. The frequency
of radio frequencies sources were 13.56 MHz, and the electric field

© 2023 Wiley-VCH GmbH
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was generated by two electrodes connected by a DC power source. In
brief, different substrates were placed in the heating zone of the tube
furnace after cleaning. The growth temperature and the voltage were set
at 600 °C and 100 V, respectively. Methanol, fluorobenzene, and water
were then fed into the PECVD system with an RF power of 250 W. In
our system, the rotor flowmeter can strictly control the flow of carbon
source and fluorobenzene/water to a certain extent. The pressure of the
system is 50 Pa. After introducing an in-built electric field, VG can start
growing.

Characterization: The morphology and detailed structure of VG
arrays were investigated by SEM (FEI Quattro S, acceleration voltage
5-10 kV), Raman spectroscopy (Horiba, LabRAM HR 800, 532 nm laser
wavelength), XPS (Kratos Analytical Axis-Ultra spectrometer with Al Kt
X-ray source). Under normal incident light, the optical reflectivity was
measured with a UV-vis—NIR spectrometer (Lambda 950, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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