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Abstract: Chemical vapor deposition (CVD) is an effective method for preparing large-size and high-quality gra-
phene materials. The properties of the metal catalysts are direcly related to the quality of the prepared graphene films,
so the surface pretreatment of the metal catalysts is required. In this study, the effects of different pretreatment methods
on copper substrates are investigated, and the combination of passivation paste pickling and electrochemical polishing
is proposed to be an effective method to modify the surface morphology of copper catalyst. The electrochemical pol-
ishing parameters (such as voltage, time) and the copper substrate annealing parameters (such as annealing tempera-
ture, time) are systematically studied. This study demonstrates that high electrochemical polishing voltage and long
polishing time easily lead to the excessive polishing. It is appropriate to set the polishing voltage and polishing time to
8 V and 8 min, respectively. It is found that the annealing temperature and time have significant effects on the grain
size of the copper catalyst. After annealing at 1000 ‘C for 30 min, the grain is larger and more uniform. In addition,

the structure characterization of graphene prepared by CVD is also performed. According to the SEM image and Ra-

man spectrum, the few-layer, high-quality graphene film is successfully prepared.
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In 2004, Geim and Novoselovt'! successfully obtained
the single-layer graphene material by mechanical exfo-
liation. It is first confirmed that the two-dimensional car-
bon material can exist alone. Graphene is an ideal
two-dimensional material composed of a single-layer of
carbon atoms, and its atoms form a six-carbon ring pla-
nar structure by sp” hybridization'”. Graphene is the ba-
sic unit of other carbon materials, and it can be wrapped
up into fullerenes, rolled into carbon nanotubes or stacked
into graphite. The thickness of a single-layer graphene is
about 0.335 nm, which gives it excellent optical proper-
ties, electrical properties and mechanical properties”™).
For example, the single-layer graphene only absorbs
2.3% of the visible light, and it looks almost transparent.
The carrier mobility of single-layer graphene at room
temperature is about 15000 cm?/(V-s), which is 10 times
higher than that of silicon. In addition, its Young’s
modulus is up to 1 Tpa, and the compressive strength
reaches 180 GPa, which is 100 times of ordinary steel. At
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the same time, the unique two-dimensional structure endows
the graphene with excellent thermal properties'®®. The
thermal conductivity of graphene theoretically reaches
5300 W/(m-K)"!, which is about 5 times of diamond, 10
times of copper, and 100 times of silicon. However, the
excellent properties are closely related to the number of
graphene layers. As the number of graphene layers in-
creases, the performances of graphene, like absorption,
carrier mobility, and Young’s modulus, are greatly re-
duced. For instance, the thermal conductivity of the gra-
phene with ten layers is reduced to below 1000 W/(m-K)!'”.
Up to now, there have been a variety of methods for
preparing the graphene materials, mainly including the

1 redox method!"'""?, liquid phase
[15]

mechanical exfoliation
exfoliation!'*'¥
deposition (CVD)!"*'® and so on. The mechanical exfo-
liation and liquid phase exfoliation methods have prob-
lems of low yield and high energy cost, while the size

and morphology of graphene prepared by redox method

, epitaxial growth" ™, chemical vapor
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are difficult to control and the quality is not guaranteed.
The process of epitaxial growth of graphene is cumber-
some. Compared with the mentioned methods above,
CVD is the most effective method for obtaining high
quality, large-sized graphene, which has the advantages
of low cost and high yield!"*?". By controlling the de-
composition and deposition of carbon atoms at high
temperature and low pressure, the structure and number
of layers of graphene on catalyst substrate surface can be
effectively controlled. Since the catalyst substrate pro-
vide the sites for graphene nucleation and growth, the
surface features of the catalyst substrate, such as rough-
21 defects! ) (2423] and crystal plane
orientation® etc., directly affect the quality and size of
the final graphene.

The substrate pretreatment can significantly reduce the

ness , grain size

catalyst surface defects and impurities *’%. In this work,
the effects of different Cu substrate pretreatment methods
on the quality of graphene were studied, and the common
pickling, passivation pickling paste and electrochemical
polishing were compared. A novel method for treating
copper substrates by the combination of passivation paste
pickling and electrochemical polishing is proposed. The
effects of working voltage and time on the Cu substrate
in electrochemical polishing process were discussed.
Then the effect of annealing process on the grain of Cu
substrate was systematically studied. In addition, the
structure morphologies of produced graphene films were
characterized.

1 Experimental

1.1 Materials

The isopropyl alcohol, anhydrous ethanol, concen-
trated sulfuric acid, phosphoric acid and hydrochloric
acid were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). The polyethylene glycol, and glycerol
were purchased from Shanghai Titan Chemical Co., Ltd.
(China). The tributyl phosphate was purchased from
Aladdin reagent Co., Ltd. (China), and the copper foil
(purity 99.9%, thickness 100 pm) was from Chinalco
Luoyang Copper Industry Co., Ltd. (China).
1.2 Pretreatment of copper substrates

In this work, different methods are used to pretreat
copper substrate. The untreated copper foil was respec-
tively washed in isopropyl alcohol, absolute ethanol, and
deionized water via an ultrasonic for about 10 min. Then,
1) Etching treatment with hydrochloric acid. The soni-
cated copper foil was placed in 10% hydrochloric acid
solution for 2 min, then rinsed with deionized water, and
blown dry with nitrogen. 2) Hydrochloric acid etching
and electrochemical polishing. Some copper foils etched

by hydrochloric acid were furtherly electrochemically
polished. The electropolishing time was set to 8 min and
voltage to 8 V. The polishing liquid consisted of 100 g of
phosphoric acid, 30 g of sulfuric acid, 5 g of hydrochloric
acid, 8 g of polyethylene glycol, 5 g of glycerin, 25 g of
deionized water, and 1 g of tributyl phosphate. 3) Etching
treatment with passivation paste. The surface of copper
foil was carefully scrubbed with the passivation paste,
and the scrubbing time was set to 2 min. 4) Passivation
paste etching and electrochemical polishing. A portion of
copper foils treated with the passivation paste were sub-
jected to electrochemical polishing treatment.
1.3 Graphene growth by CVD

The pretreated copper foil was placed in a horizontal
quartz tube furnace (inner diameter of 100 mm). The
system was evacuated to about 1.33 Pa, and then filled
with 200 sccm of argon to atmospheric pressure. Argon
(Ar, 99.999% purity) and 100 scem hydrogen (H,,
99.999% purity) gas mixture was introduced for 10 min,
then the temperature program started. When the tem-
perature and pressure reach the desired values, methane
was introduced (from 0.5 sccm to 5.0 sccm). The growth
temperature was set to 1060 °C, and the process was
carried out for 25 min. Then, it was cooled to room tem-
perature under an atmosphere of argon and hydrogen.
1.4 Characterization

The surface morphology of copper substrates and
graphene samples were examined by an optical micro-
scope (OM, DM2500M, Leica Instruments Co., Ltd.) and
a scanning electron microscope (SEM, Hitach S-4800,
Bruker). The graphene structure was tested by Raman
spectroscopy ( XploRA PLUS, HORIBA, Japan).

2 Results and discussion

2.1 Different pretreatment on copper substrate

The copper substrates were treated by different meth-
ods, and the optical microscope images of different sam-
ples are shown in Fig. 1. As can be seen from Fig. 1(a),
there are a large number of streaks and impurity defects
on the surface of the untreated copper foil. From Fig. 1(b),
the surface morphology of the copper foil does not
change much, and the surface still has streaks and defects
after etching with hydrochloric acid for 20 h. Therefore,
the dilute hydrochloric acid etching treatment does not
give the copper foil a smooth surface. When the copper
foil is further processed by electrochemical polishing, the
surface morphology of copper foil is changed signifi-
cantly in Fig. 1(c). The original stripe disappears and the
surface is more smooth. Fig. 1(d) is the photomicrograph
of the copper foil treated with passivation paste. It can be
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Fig. 1
(a) Untreated copper substrate; (b) Hydrochloric acid etching treatment; (¢) Hydrochloric acid etching and electrochemical
polishing treatment; (d) Passivation paste etching; (e¢) Passivation paste etching and electrochemical polishing treatment

seen that the corrosion effect is obvious and the surface
morphology is completely changed, but the surface ex-
hibits loose and rough appearance. Then the copper foil
treated by the passivation paste is furtherly subjected to
electrochemical polishing treatment. Surprisingly, the
flatness and smoothness of the copper foil substrate are
significantly improved, and the mirror effect is macro-
scopically achieved as shown in Fig. 1(e). So the combi-
nation of the passivation paste pickling and electro-
chemical polishing is an effective method for treating
copper substrates.
2.2 Effect of electrochemical polishing volt-
age and polishing time

In order to explore the process parameters of electro-
chemical polishing, the effect of polishing voltage and
polishing time were studied. As shown in Fig. 2, three
polishing voltages, 1.2, 4.0 and 8.0 V, were selected. It
can be seen from Fig. 2(al-a4) that when the polishing
voltage is set to 1.2 V, electrochemical polishing treat-
ment has little effect on the copper foil. There are still
some defects such as streaks and pits on the surface of
copper foils even if the polishing time increases to 40 min.
When voltage is 4 V, the surface of the copper foil treat-
ed for 10 min changes significantly in Fig. 2(b1), and the
streaks become shallow. With the polishing time
increasing to 30 min, the streaks and defects on copper
surface are completely removed as shown in Fig. 2(b3).
However, the excessive corrosion pits appear if polishing
time is up to 40 min. In Fig. 2(b4), it can be demon-
strated that there are some corrosion pits on the surface

OM images of different copper substrates

of the copper foil. As the polishing voltage increasing to
8V, the polishing time also has great influence on copper
surface morphology. When the polishing time is 8 min,
the surface of the copper foil substrate is flat and smooth
as shown in Fig. 2(cl). The surface smoothness is im-
proved significantly with the polishing time increasing,
but excessive prolonging polishing time easily causes
corrosion (Fig. 2(c2-c4)).

Therefore, the copper foil cannot be significantly pol-
ished when the polishing voltage is too low, while the
excessive polishing time causes excessive polishing with
high voltage. Based on the results, the appropriate pol-
ishing voltage and time are set as 8 V and 8 min, respectively.
2.3 Effect of annealing temperature

In the growing process of graphene, the grain size and
uniformity of copper catalyst have great influence on
graphene quality and size. The temperature is a very im-
portant factor, and the annealing treatment can signify-
cantly improve the surface morphology of the copper foil
substrate. The copper foils were annealed at different
temperatures for 30 min. It can be seen from Fig. 3(a)
that when the annealing is performed at 800 ‘C for 30 min,
the grain is less than 100 um in size and ununiform. As
the annealing temperature rises to 900 ‘C, the surface mor-
phology of the copper foil substrate is slightly changed,
and some grain become larger (~200 um). But the an-
nealing effect is still poor, and grain size is still uneven.
When the annealing temperature is increased to 1000 and
1060 °C, the grain size of the copper foil is larger and the
uniformity is significantly improved, as shown in Fig. 3(c, d).
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Fig. 2 OM images of copper substrates electrochemical polished with different voltages and time
(al) 1.2 V/10 min; (a2) 1.2 V/20 min; (a3) 1.2 V/30 min; (a4) 1.2 V/40 min; (b1) 4 V/10 min; (b2) 4 V/20 min;
(b3) 4 V/30 min; (b4) 4 V/40 min; (c1) 8 V/6 min; (c2) 8 V/8 min; (c3) 8 V/10 min; (c4) 8 V/12 min

Fig. 3 OM images of copper substrates annealed at different temperatures for 30 min
(a) 800 C; (b) 900 C; (c) 1000 C; (d) 1060 C

2.4 Effect of annealing time

In addition to annealing temperature, the annealing
time also seriously affects copper grain size and its uni-
formity. When the annealing temperature is 1000 C
with no holding time, the grain is unevenly distributed
with dimension less than 200 pm, as shown in Fig. 4(a).
However, the grain becomes significantly larger as the
annealing time is kept at 30 min, and most of the grains
exceed 200 pm with improved uniformity (Fig. 4(b)).
With the annealing time increasing to 90 or 120 min, Cu
grains continue to increase (>400 pm), while the number
of grains decreases (Fig. 4(c, d)). However, too long an-
nealing time can increase energy cost. Considering the
results from Fig. 3 and Fig. 4, the copper foil substrate
with larger grain size and uniform distribution can be
obtained by annealing at 1000 ‘C for 30 min.

2.5 Graphene characterization
SEM image of graphene sample by CVD growth is

shown in Fig. 5. Two regions, gray and dark gray area are
clearly visible, indicating that different layers of gra-
phene are grown. In order to analyze the quality of the
prepared graphene, the graphene in different regions are
characterized by the Raman spectra (Fig. 6). The D peak
in Raman spectra represents the defect peak of graphene,
while the G peak represents the characteristic peak of
carbon sp”, reflecting the crystallinity and symmetry. 2D
is the second-order Raman scattering peak of the region
boundary phonon, which is used to determine the exis-
tence of graphene. So the |g/lp demonstrates the degree
of defect of the graphene crystal, and |,p/lg represents
graphene layer. Fig. 6(a) is the Raman spectrum of the
quartz substrate. The quartz substrate can produce a light
scattering effect to cause characteristic peaks other than
graphene in Fig. 6(b, c). Compared with the Raman
spectrum of the graphene sample in gray area, the D band
intensity of graphene in dark gray area is lower, while the
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Fig. 4 OM images of copper substrates annealed at 1000 C
for different time
(a) 0; (b) 30 min; (c¢) 90 min; (d) 120 min

Fig. 5 SEM image of graphene sample

2D band intensity is significantly higher, as show in
Fig. 6(b, c). In addition, the I /lg is slightly decreased,
and the l,p/lg is obviously increased in Table 1. There-
fore, the graphene in dark gray area has fewer defects
and better quality.

3 Conclusion

The effects of different pretreatment on the surface
morphology of copper substrates were studied. It can be
found that the combined treatment of passivation paste
pickling and electrochemical polishing can effectively
remove surface defects on copper substrates. The influ-
ence of polishing process and annealing process parame-
ters on the copper substrate are systematically demonstrated,
and a process for preparing high-quality graphene by
CVD is developed. According to the SEM image and
Raman spectrum, the graphene film prepared in this work
is few-layer, large-size, high-quality. It is worth empha-
sizing that the copper foil used in this work is the com-
mon copper foil, and its purity is only 99.9%. Overall,
our work provides a novel method for large-scale prepara-
tion of high-quality graphene.
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Fig. 6 Raman spectra of quartz substrate (a), graphene sample
in gray area (b), and graphene sample in dark gray area (c)

Table 1 Comparison of the Raman characteristic
peak in different graphene areas

D G 2D
band/em™ band/em™ band/em”

Area

1 Io/le la/lg

Gray area 1354 1581 2697 057 0.83
Dark gray area 1354 1592 2684 026 1.29
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