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ABSTRACT: Because the morphology of vertically oriented
graphene (VG) synthesized by the plasma-enhanced chemical
vapor deposition process determines the application performance
of VG, morphology control is always an important part of the
research. A concise correspondence between plasma and the
morphology of VG is the key to investigating the morphology
control of VG, which is still under research. In this study, a simple
but effective parameter, position, is used to grow VG, by which the
continuous morphology evolution of VG is realized. As a result, the
morphology of VGs varies from a porous structure to a “wall-like” structure, thus leading to a continuous change in its
hydrophobicity and thermal emissivity. An ultrahigh emissivity of 0.999 with superhydrophobicity is obtained among these VGs,
showing great potential in the area of the black body and infrared thermometer. Finally, the states of active particles in plasma
depending on the positions are diagnosed to investigate their relations with the morphology of VGs.

1. INTRODUCTION
In the last 18 years, no other material has stood out as much as
graphene among remarkable carbon-based materials.1 Gra-
phene has demonstrated excellent performance in many
applications, such as optoelectronics2 and sensors,3,4 raising
the prospect of future innovation in the fields of flexible,
transparent, and ultralight nanodevices. Moreover, its deriva-
tives, such as graphene quantum dots,5 graphene mesh,6 and
doped graphene,7 offer improved efficiency and extended
capacities in several applications, mostly owing to their size,
structure, or doping effects. Among such materials, vertically
oriented graphene (VG) synthesized using plasma-enhanced
chemical vapor deposition (PECVD) has not only inherited
the intrinsic properties of graphene but also reaped the benefits
from a spatial structure that facilitates a large active surface
area, exposed sharp edges, and a non-stacking structure.8

Therefore, VG performs excellently in various applications
such as supercapacitors,9 catalysts,10 solar cells,11 and ultrahigh
light absorbers.12

As a three-dimensional material, the spatial structure plays
an important role in the properties of VG. For example, Miller
et al. developed a high-response capacitor based on VG with a
“wall-like” structure that can serve as an AC filter;13 moreover,
our previous research demonstrated VG with a “tree-like”
structure that exhibits excellent flexibility and durability as an
electrode for wearable supercapacitors.9,14 Therefore, massive
efforts have been made to control the morphology of VG, both
theoretically and experimentally.15,16 The most common way
to control the morphology and properties of VG is to control

the routine synthesis conditions, such as growth temperature,
plasma source power, growth time, precursors, and sub-
strates.11,16−21 However, they can just slightly adjust the basic
morphology of VG, like height, density of graphene flakes, size
of VG flakes, and so forth. Then, some research induces extra
control methods to break the limitation of routine synthesis.
For example, electric fields22,23 (or magnetic fields24) are
added in PECVD by plate electrodes (or solenoids) to
influence the growth process of VG, by which the growth
location and structure of VG flakes are adjusted.

Up to now, three typical morphologies of VG have been
reported, the “wall-like” structure,8 the “tree-like” structure,9

and the porous structure.21 However, the morphology
transformation from one morphology to another has not
been achieved by changing one of the aforementioned factors.
It requires changing both the plasma source power and
temperature,20 increasing the complexity of the control process
and the study of the growth mechanism.

Theoretically, the morphology and the properties of VG are
determined by the growth process, which is directly associated
with states of plasma during the growth. The regulation of the
morphology of VG depending on the plasma state could
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provide insight into the growth mechanism of VG and the key
to controlling the morphology of VG. However, the plasma
deposition process is quite complex and involves physical and
chemical processes, setting a great obstacle to the study of the
growth mechanism. Therefore, a simple and direct corre-
spondence between the plasma state and the morphology of
VG is required.
In this study, the position-induced plasma state and

morphological evolution of VG have been investigated in a
tube-type PECVD instrument. Unlike previously reported
research, the growth position will impact the morphology and
properties of VG, which change considerably from a porous
structure to “tree-like” graphene and then to “wall-like”
graphene, covering almost all existing morphologies of VG.
Furthermore, by changing only the position parameter, a
continuous change in morphology rather than a discrete
change is obtained, making the deposition process consid-
erably simpler. Benefiting from the morphology, VG with
superhydrophobicity and ultrahigh emissivity (0.999) is
obtained, which can be used as a standard reference to
measure the temperature and emissivity of unknown objects
using an infrared thermometer. We strongly believe that this
study will provide a new approach to investigating the VG
growth mechanism in depth.

2. EXPERIMENTAL SECTION
2.1. Preparation of VG. In this study, a 5 × 40 cm2 quartz plate

was used in the heating area of the PECVD instrument as a substrate
holder (Figure 1). The heating area was composed of 4 independent

heaters with a temperature controller for each, and each heater
controlled a quarter of the heating area. Then, the temperature could
be precisely controlled and the temperature variation could be well
suppressed. After cleaning, 2 × 2 cm2 quartz plates were densely
placed next to each other on that holder. To indicate the position, the
right end of the plasma antenna was set as the zero point, based on
which the relative position of the VG sample was labeled. Afterward,
the PECVD chamber was cleaned using hydrogen gas at a flow rate of
8 sccm and a temperature of 900 °C for 5 min to remove the surface
oxide on the quartz substrate. The temperature inside the chamber
was measured and controlled using a temperature probe and heater,
respectively. Subsequently, plasma was generated for 3 min using a
radiofrequency source power of 200 W to further remove
contaminants on the substrate. Graphene was then grown for 60
min at a temperature of 900 °C and a plasma source power of 500 W
by introducing C2H2 and H2 at flow rates of 6 and 2 sccm,
respectively.

2.2. Characterizations of VG. The surface and cross-sectional
morphologies of the VG samples on quartz substrates were examined
via field emission scanning electron microscopy (HITECH, SU8000).
The sheet resistance was measured using the four-point probe method
(Ningbo Argal Instrument Co., Ltd., FT-341) by selecting 10 random
points on the surface of each sample. The detector equipped with
linearly arranged four probes was perpendicularly contacted with the
surface of the sample at room temperature without additional
treatment. The static contact angles were measured by dropping 5 μL

of water droplets on the VG surfaces through a syringe device and
analyzed using a digital goniometer (KRÜSS, DSA25B). An infrared
imager (Flir, E85) and related software (Flir, ResearchIR) were used
to measure the temperature and analyze emissivity.

2.3. Plasma Diagnostic. The optical emission spectrum from the
plasma was monitored with an optical fiber-coupled high-speed
spectrometer (Ideaoptics, PG2000). The electron temperature and
ion density of the plasma were measured by a Langmuir probe
(Impedans, ALP 150) with a double probe.

3. RESULTS AND DISCUSSION
Along with the flow direction of the source plasma stream, the
most immediate changes in VG embody varying morphologies.
Figure 2a shows the morphological evolution of the VG
samples from the top at the available deposition areas. Herein,
we set the right end of the plasma antenna as the starting point
(0 cm) to mark the relative position of the VG sample (Figure
1). The available growth position is limited by the antenna
shield and the insulator of the heater; thus, it starts from 20 cm
and ends at 58 cm according to the starting point. As shown in
Figure 2a, the entire evolution process could be approximately
divided into three stages. In the initial stage, the growth
position ranging from 20 to 30 cm, dense structures with small
flakes were observed. These films exhibit a morphology
different from that of a typical VG and were considered
porous films.21 Subsequently, the porous structure gradually
separated and generated trenches in the downstream direction.
In the second stage, the growth position ranging from 30 to 34
cm, the previous porous structure developed into thick but
agminated flakes, exhibiting a typical “tree-like” graphene
structure.9,14 In the last stage, the growth position ranging from
36 cm to the end, the VG flakes continuously became thinner
and twisted, showing the morphology of a “wall-like” graphene
structure.

In accordance with the top-view morphology, the cross-
sectional views of the VG samples (Figure S1) revealed the
increased gaps between the flakes and decreased thickness of
the flakes when increasing the distance away from the zero
point. As shown in Figure 2b, the height of the VG samples
(measured from Figure S1) continuously decreased with an
acceptable fluctuation. The reduced height of the VG samples
reduced the connection between graphene flakes. Therefore,
the sheet resistance continuously increased with decreasing
height, as depicted in Figure 2c.

Some of the properties, for example, wettability, playing an
important role in practical applications, are closely related to
the surface microstructure of VG. Therefore, the contact angle
of the VG samples was investigated (Figure 3) and found to
vary with their surface morphology. The VG samples located
from 20 to 34 cm had relatively larger densities of graphene
flakes, resulting in higher contact angles. Their average contact
angle reached 150.0°, with the highest being 153.6° for the VG
sample at 30 cm. The other VG samples exhibited relatively
lower contact angles with an average value of 139.1°, with the
lowest being 137.3° for the VG sample at 40 cm.

The contact angle is related to the structure of the surface.
As previously reported by Ghosh25 and Bo,26 the observed
wetting properties of VG vary with densities of vertical fakes,
which can be described using the Cassie theory. The apparent
contact angle (θr) related to the real contact angle (θe) in the
ideal Cassie mode can be calculated as follows

= +cos cos 1r e (1)

Figure 1. Schematic illustration of the tube-type PECVD instrument.
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where φ denotes the area ratio of the projected area to the
surface area of the material without any features. Here, the real
contact angle (θe) is considered to be the same as that of
graphite (95°).25 Furthermore, the projected area of the VG

samples was extracted from Figure S2 and analyzed using the
aforementioned equation. As plotted in Figure 3, the calculated
contact angles exhibited a trend similar to that of the
experimental contact angles.

Besides the contact angle, thermal emissivity is strongly
influenced by the surface condition of VG. Infrared
thermometers are based on the most basic theory that all
objects emit thermal radiation at >0 K. However, for any
particular object, the amount of thermal radiation emitted from
a surface depends not only on the material but also on the
nature of the surface. The emissivities of the VG samples range
were measured and calculated (the method is described in the
Supporting Information). As shown in Figure 4a, the emissivity
change of the VG samples depending on growth position or
surface morphology was tested at 40 °C. The minimum

Figure 2. (a) Top SEM images of the structure evolution of VG samples grown at different positions. The scale bar is 1 μm. (b,c) Height and sheet
resistance of VG samples grown at different positions.

Figure 3. Contact angle changes depending on the growth position.

Figure 4. (a) Thermal emissivity variation of VG samples depending on the position at 40 °C. (b) Emissivity stability of VG at 32 cm with different
temperatures.
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emissivity of 0.787 was obtained at 58 cm, whereas the
maximum emissivity of 0.999 was obtained at 32 cm.
Furthermore, the emissivity of VG at 32 cm was considerably
stable, with an emissivity of ∼0.996 at temperatures ranging
from 40 to 200 °C (Figure 4b).
The high emissivity of VG could be described from another

perspective, that is, light absorption. Kirchhoff’s law of thermal
radiation states that any object radiating and absorbing is in
thermodynamic equilibrium at any given temperature, that is,
εemission = αabsorption. In other words, the strong radiation of the
VG samples indicates strong absorption and vice versa. Typical
VG has unique vertically oriented flakes and gaps in between,
forming a microwell that traps incident light (Figure S3), as
reported in previous research;12 therefore, the proper size of
gaps and flakes will endow VG with strong absorption of light
and, in turn, strong emission.
It is worth noting that the highest contact angle and thermal

emissivity are both achieved by VG around the position of 31
cm, which is typically named as the “tree-like” structure. In this
structure, “trees” are composed of randomly stacked graphene
nano-sheets.9 As confirmed by Figures 2 and S1, the “tree-like”
structure is much sparse with larger inter-tree spacing than the
porous and “wall-like” structures. According to the afore-

mentioned Cassie theory, this sparse “tree-like” structure
provides a low projected area ratio as shown in Figure S2 and
Table S1, thus leading to a high contact angle. In addition, the
large inter-tree spacing and low projected area ratio of the
“tree-like” structure can reduce the surface reflection while
trapping the incident light in the gaps between “trees”,12 hence
showing strong light absorption and strong emission as well.

VG has good thermal conductivity,27 which will quickly
reach temperature equilibrium with the environment, making
VG a facile standard black body useful in infrared
thermometry. A complex reference experiment is required to
detect the temperature or emissivity of an unknown object
using an infrared thermometer.28,29 However, by attaching VG
with high emissivity to a target object as a reference, both the
temperature and emissivity can be determined facilely. To
demonstrate the usage of VG, a stone, a piece of sandpaper, a
leaf, a snail shell, a screw, a twig, and VG (at 32 cm) were
placed on a hot plate under monitoring with an infrared
thermometer (Figure 5a). Because VG exhibits a stable
emissivity of 0.996 at temperatures ranging from 40 to 200
°C, by setting the emissivity of VG, the temperature of the
plate, which was 40.3 °C, could be easily read out from the
infrared thermometer. The same temperature was also

Figure 5. Image from infrared thermometry (a) and emissivity of diverse objects (b).

Figure 6. Radical densities (Hα at 656.3 nm, Hβ at 486.1 nm, CH at 431.4 nm, and C2 at 516.5 nm30) (a) and their increment (b) depending on
the position.
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detected from the reference thermocouple. The parts of the
samples in contact with the plate will have the same
temperature as the plate; accordingly, their emissivity can be
easily obtained via infrared thermometry (Figure 5b).
The active particles (radicals, ions, etc.) in plasma play an

most important role in VG growth. However, these particles
are dynamically connected through ionization and collision,
whose balance is easily influenced by growth conditions,
setting considerable obstacles to controlling and clarifying the
roles of particles during VG growth. This study has proposed a
steady growth process without any change in growth
conditions so that the reactions of active particles also remain
in a dynamic balance. The condition of active particles only
varies with growth position, as does the VG morphology. Thus,
the morphological change of VG can be associated with only
the condition of active particles.
The noncontact plasma diagnostic approach, that is, optical

emission spectroscopy, was performed to investigate the
change in radical intensities. As reported in other research,
H, CH, and C2 radicals play an important role in the growth of
graphene:15,30 the H radical has a strong etching effect; the CH
radical serves as the terminator that prevents graphene growth,
whereas the C2 radical promotes VG growth. In this research,
as depicted in Figure 6a, the intensities of H radicals (Hα at
656.3 nm and Hβ at 486.1 nm) and CH radicals (431.4 nm)
increase with position, whereas the intensity of C2 radicals
(516.5 nm) decreases.30 Compared with the radical intensities
at the initial growth point (20 cm), the intensities of Hα, Hβ,
and CH radicals at 58 cm increased by 53, 47, and 25%,
respectively, whereas that of C2 radicals decreased by 38%
(Figure 6b). According to previous studies,15,31,32 these
changes in radicals indicate the increased etching and
terminating force with a decreased deposition force; thus, it
is not difficult to predict that the VG samples along the
downstream direction will become sparse and short, which
could be confirmed by the morphological change of the VG
samples from the SEM images shown in Figures 2 and S1.
Owing to the sheath effect in plasma, ions will be accelerated

to impact the substrate and contribute to VG growth. Herein, a
Langmuir probe was used to detect ion profiles depending on
the position. As depicted in Figure 7a, the electron
temperature decreased with increasing position, indicating a
fading activity of plasma along the downstream direction.
Furthermore, the floating sheath potential can be obtained

using the electron temperature through the following
equation33

i
k
jjj y

{
zzz=V

kT
e

m
M2

ln
2

f
e e

(2)

where Vf denotes the floating sheath potential in the plasma, k
denotes the Boltzmann constant, Te denotes the electron
temperature, e denotes the elementary charge, me denotes the
electron mass, and M denotes the ion mass. According to the
aforementioned equation, the floating sheath potential, Vf, is
proportional to the electron temperature, Te. Therefore, the
decreasing electron temperature with increasing growth
position indicates a decrease in the floating sheath potential.
The sheath potential will accelerate the ions to impact the
substrate and participate in the growth process. As the sheath
potential decreases, the kinetic energy of the ions distributed
by the sheath decreases,34 then decreasing the reaction rate of
ions on the substrate. Additionally, Figure 7b illustrates that
the density of ions decreases depending on the position. In
plasma, because ions and neutral particles (radicals, atoms, and
molecules) can convert to each other by collision,35 it is
reasonable that ion density decreases while the radical intensity
increases (Figure 6). In addition, the decreased ion density
means that the number of ions is decreased. Hence,
irrespective of the role (deposition or etching) that ions
played in VG growth, the reaction rate of ions is decreased.
Overall, both the activity and density of ions decreased along
with the plasma downstream, leading to a decreased reaction
rate of ions on the substrate.

4. CONCLUSIONS
In this study, the position-induced morphological evolution of
VG in a tube-type PECVD instrument and VG properties
depending on VG morphology were investigated. The
continuously changing morphology of VG demonstrates
continuous property tuning, resulting in contact angles ranging
from 137.3 to 153.6° and thermal emissivity ranging from
0.787 to 0.999. Such a high thermal emissivity has made
graphene capable of serving as a standard black body. The
morphology change can be attributed to the gradient of the
plasma stream and is related to the active particles in the
plasma. A high intensity of C2 with low intensity of CH and H
results in a high density of VG flakes and vice versa. A low
electron temperature leads to a low sheath potential, thus
decreasing the impact energy of the ions. Customized VG
morphology and properties can be realized by changing the
position or by controlling the intensity of the main radicals.
However, the state of plasma is hard to be controlled precisely
owing to the complexity of the plasma process; therefore, the
control of position is recommended. We strongly believe that
this study will promote the controllable synthesis of VG and
the use of VG with optimized properties.
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