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This article describes the significant roles of process parameters in the deposition of graphene films

via cobalt-catalyzed decomposition of methane diluted in hydrogen using plasma-enhanced chemi-

cal vapor deposition (PECVD). The influence of growth temperature (700–850 �C), molar concen-

tration of methane (2%–20%), growth time (30–90 s), and microwave power (300–400 W) on

graphene thickness and defect density is investigated using Taguchi method which enables reach-

ing the optimal parameter settings by performing reduced number of experiments. Growth tempera-

ture is found to be the most influential parameter in minimizing the number of graphene layers,

whereas microwave power has the second largest effect on crystalline quality and minor role on

thickness of graphene films. The structural properties of PECVD graphene obtained with optimized

synthesis conditions are investigated with Raman spectroscopy and corroborated with atomic-scale

characterization performed by high-resolution transmission electron microscopy and scanning

tunneling microscopy, which reveals formation of continuous film consisting of 2–7 high quality

graphene layers. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960692]

I. INTRODUCTION

Because of the unique properties of graphene and its

potential for use in a variety of applications,1–4 progress has

been made in developing processes able to grow large-area

and defect-free materials. For this purpose, several synthetic

methods have exhibited some success in producing thin gra-

phene films, including (i) the sublimation of SiC at high tem-

peratures,5,6 (ii) the intercalation of graphite,7 (iii) chemically

functionalized graphene reduction,8,9 and (iv) chemical vapor

deposition (CVD).10,11

Unsurprisingly, CVD has emerged as the most versatile

and commercially viable technique for graphene production

because of its successful production of various high-quality,

high-performance nanomaterials.12 Using CVD, graphene is

grown onto transition metals, which enables a low-energy

pathway by forming intermediate compounds for the growth

of graphene.13

Graphene growth has been demonstrated on a number of

metals, i.e., gold (Au),14 copper (Cu),11 cobalt (Co),15 iridium

(Ir),16 nickel (Ni),17,18 palladium (Pd),19 platinum (Pt),20 and

ruthenium (Ru).10 The first row of transition metals Co, Ni,

and Cu is of great interest due to their low cost and high avail-

ability. The difference in the carbon solubility between these

metals leads to different growth procedures and also impacts

the growth quality. Unlike Cu which has the lowest carbon

solubility, cobalt can dissolve large amounts of carbon in their

bulk, and hence, the growth mechanism is mainly

precipitation based, with additional contributions from precur-

sor decomposition on the metal surface.21 During cooling, the

carbon from the bulk precipitates in the lowest free energy

state (graphene) on the surface.

The type of activation energy that must be supplied to

sustain chemical reactions is critical because it affects the

rate of production of the active carbon species (CH3, CH2,

CH, C2, C, etc.) that subsequently react to produce graphene.

Accordingly, a key parameter to take into account is the

dehydrogenation energy of the precursor (CHx to CHx�1).

Methane, the most used carbon precursor, is a highly stable,

saturated molecule, so the dehydrogenation in the gas phase

of CHx to CHx�1 is highly endothermic (440 kJ mol�1) and

its thermal (non-catalytic or non-plasma-activated) decom-

position occurs at relatively high temperatures (>1200 �C).22

However, on the metal surface, there is a significant reduc-

tion of the energy required, owing to the presence of strong

metal–CHx�1 and metal-H interactions.22 This catalytic

behavior is observed when growing CVD-produced graphene

on metals at low temperatures (<900 �C) to a greater or

lesser extent.23 Therefore, non-catalytic activation can be

considered negligible when working in thermal systems. In

thermal CVD, the heat energy is supplied through horizontal

or vertical tubes with hot walls (mostly used in graphene

synthesis), i.e., the reactor walls are heated by a surrounding

furnace or by external radiofrequency or infrared radiation.

The reactor operates through the batch processing of wafers

with good radial uniformity but more suspect axial unifor-

mity. The process is not transport limited and has a slow

growth rate and high temperature dependence. To avoid
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these problems, plasma-enhanced CVD, a variant of thermal

CVD, was proposed as an alternative approach for graphene

synthesis. Plasma-enhanced processing uses, in general,

showerhead reactors with single-wafer and cold-wall designs

because only the substrate is heated by resistive heating and/

or plasma heating in the vicinity of the substrate. Thus, the

reaction rate is reduced, but the film quality can be better

controlled. The plasma and metal coupling cause localized

rapid heating of the metal catalyst, which reduces the heating

time. The plasma can provide a rich chemical environment,

including a mixture of radicals, molecules, and ions, from a

simple hydrogen-hydrocarbon feedstock.24 The ions impart

their energy and momentum to the reactant gas molecules

and atoms. The energy transfer breaks up the molecules and

benefits the chemical reactions, allowing for lower deposi-

tion temperatures and faster growth than thermal CVD.

Recent years have witnessed advances in plasma-enhanced

chemical vapor deposition (PECVD) synthesis of gra-

phene,25–31 and over substrates other than those used in stan-

dard processes such as glass,31 enabling the full exploitation

of graphene properties and application potentials. Therefore,

plasma-assisted deposition could be a potential process in

the future development of graphene.

To date, the quality of PECVD-grown graphene has not

been significantly better than that of thermal CVD.25–31 The

high defect density commonly observed in PECVD graphene

is referred to energetic particles from the plasma interacting

with the growing surface. For graphene materials to realize

the promise of “graphene-based applications,” it is clearly

necessary to solve those problems, preventing defects in fab-

ricated large area devices. Since the large-scale graphene

films synthesized on Ni or Co so far have typically been

polycrystalline (mixture of monolayer and few layers gra-

phene), the research effort is aimed to control the domain

size, the number of graphene layers, and the defect density.

In PECVD process, electron gas-phase reactions must

be taken into account and graphene growth cannot then be

considered as totally controlled by the catalyst. Additional

process parameters such as plasma power must be considered

to control species distribution. In addition, depending on the

horizontal or vertical reactor position, gas-phase temperature

gradients can produce density variations leading to

buoyancy-driven secondary flows superimposed on the main

flow of the active carbon species which adversely affect gas-

phase reactions and species’ spatial distributions. Depending

on the configuration of the plasma reactor and the type of

catalyst used, many process parameters may affect graphene

quality. As a result, it becomes time consuming to find out

the optimum conditions in such high dimensional parameter

space. In such situation, Taguchi technique provides an effi-

cient and systematic method to optimize the system. It is an

empirical approach that combines mathematical and statisti-

cal techniques and utilizes orthogonal arrays (OAs) to study

a large number of variables using a small number of tri-

als.32,33 Another important point is that many different varia-

bles can be examined simultaneously. This means that

predominant parameters can be investigated deeply, whereas

secondary parameters can be overlooked. Therefore, time,

energy, and resources can be saved. The Taguchi method

was employed in optimizing the production of materials in

different forms, such as diamond-like carbons,34 polycrystal-

line diamond coatings,35 carbon nanotubes,36 and graphene

films by copper-catalyzed decomposition of ethanol.37

Here, we utilize Taguchi method to optimize the synthe-

sis of graphene with PECVD and to find the most suitable

experimental conditions for the production of highly crystal-

line thin films by cobalt catalyzed decomposition of methane

(CH4). The optimization procedure proceeds through: (1)

selection of the parameters (control factors) governing the

PECVD process of graphene and choice of their levels; (2)

design and running of experiments to investigate the parame-

ters’ influence on the process; and (3) running of new experi-

ments to test the configurations under which the process is

predicted to give optimal responses.37

Four experimental parameters, such as growth tempera-

ture (700–850 �C), CH4 concentration (2%–20%), growth

time (30–90 s), and microwave power (300–400 W), are

investigated and optimized using a 2-level Taguchi

design32,33 to minimize the number of graphene layers and

the density of lattice defects. To monitor the results of the

Taguchi experiments, the graphene films are systematically

investigated by Raman spectroscopy. Then, analysis of vari-

ance (ANOVA) and signal-to-noise (SN) analysis available

in Qualitek-4 (QT4) software were used to monitor the

parameter influence and optimize the process. Graphene

films grown under the optimized conditions are further char-

acterized by high-resolution transmission electron micros-

copy (HRTEM) and scanning tunneling microscopy (STM).

For this purpose, as-grown graphene films are transferred

from Co substrates to the TEM grid and mica/gold substrate

(for STM) using a non-destructive and rapid-transfer bub-

bling technique which is based on the mechanical separation

of graphene from the substrate by H2 bubbles during H2O

electrolysis requiring only a few tens of seconds and leaves

the Co substrate intact.23

II. EXPERIMENTAL

A. Taguchi design of PECVD experiments

A set of PECVD experiments was designed to investi-

gate the most influential parameters in the cobalt-catalyzed

synthesis of graphene films. The following four parameters

were assumed to exert the most control over the process as

indicated by the graphene thickness and defect density: (1)

substrate temperature (Ts), (2) methane flow rate (UCH4), (3)

growth time (t), and (4) microwave power (Pmw). Each con-

trol factor was varied at the following two levels:

Ts¼ 700 �C or 850 �C, UCH4¼ 1 sccm or 10 sccm, t¼ 30 s or

90 s, and Pmw¼ 300 W or 400 W; the effects of these varia-

tions were investigated. The corresponding design of experi-

ments (DOE) is reported in Table I. The samples obtained

under the DOE experimental settings are labeled as DN with

N being between 1 and 8.

The selection of the control factors and their levels was

imposed by the design of our reactor. Because microwave

plasma contributes to the heating of the substrate, the combi-

nation of gas pressure and substrate position relative to the

center of the plasma must be fixed to control the temperature

065304-2 Mehedi et al. J. Appl. Phys. 120, 065304 (2016)
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as Pmw is varied. This parameter was varied between 300

and 400 W to ensure a balance between its thermal contribu-

tion and the damage induced during graphene growth. We

fixed the annealing time at 10 min and the hydrogen flow

rate at 50 sccm (for both the annealing and growth steps),

and the cooling conditions were kept constant by fixing

argon flow rate to 100 sccm.

It has been generally accepted that cobalt, nickel, and

iron show the highest catalytic activity for the growth of car-

bon nanomaterials, including carbon nanotubes (CNTs) and

graphene.38 However, because of their high carbon solubil-

ity, uncontrollable precipitation in cooling process may

affect the quality and uniformity of the graphene. Two major

factors can affect graphene formation in such situation: (i)

cooling rate and (ii) carbon concentration at the cobalt

surface. Since we used commercial cobalt foil, this made dif-

ficult to precisely control the precipitation process by adding

a supplementary parameter in Taguchi optimisation proce-

dure. The reason is the complex bulk diffusion in polycrys-

talline substrates. Hence, we fixed the cooling rate at its

maximum value and developed a strategy to optimize the

carbon concentration on the top of the cobalt surface by

adjusting process parameters as pressure, microwave power,

carbon concentration, and substrate temperature which, so

far, is more reproducible control. A basic understanding of

the complex gaseous and surface processes involved in gra-

phene CVD is schematically shown in Figure S1 in the sup-

plementary material.

B. Graphene deposition

We conducted graphene PECVD using a 10-cm-diameter

vertical silica bell jar low-pressure reactor (Figure 1(a)) with

CH4 as the carbon precursor and 125–lm-thick polycrystal-

line cobalt foil (99.9% purity, GoodFellow Gmbh) as the sub-

strate. For plasma generation, the reactor utilized a 1.2 kW

microwave generator (SAIREM) operating at 2.45 GHz. The

electromagnetic waves were generated, guided using a rectan-

gular wave guide, and directed into a cavity delimited by a

Faraday cage. The short-circuit piston at the end of the wave

guide helped create stationary waves and situate the maximum

of the electric field near the substrate. Efficient operation was

assumed with good microwave coupling and minimal radial

diffusion to the quartz enclosure, leading to greater discharge

stability and better plasma uniformity. Input power was varied

with the pressure simultaneously in order to hold plasma vol-

ume constant. As shown in Figure 1(a), a quasi-hemispherical

TABLE I. Taguchi-designed trial experiments for graphene PECVD.

Experimentsa

Control factors

Ts ( �C) UCH4 (sccm) t (s) Pmw (W)

D1 700 1 30 300

D2 700 1 90 400

D3 700 10 30 400

D4 700 10 90 300

D5 850 1 30 400

D6 850 1 90 300

D7 850 10 30 300

D8 850 10 90 400

a50 sccm H2 is used as a carrier gas; 100 sccm Ar for cooling; chamber pres-

sure is maintained at 8 mbar for 300 W and 13 mbar for 400 W in order to

maintain a constant plasma volume.

FIG. 1. (a) A scheme representing bell

jar type PECVD reactor, (b) 2.5 cm

diameter plasma ball observed through

Faraday cage and quartz enclosure,

and (c) experimental protocol of gra-

phene-PECVD.
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active plasma zone of radius of �2.5 cm was created near the

substrate. The input gases (CH4/H2/Ar) with electronically

controlled mass flow rates were injected into the reactor and

pumped out by the reactor pumping system. The cobalt sub-

strate (�3� 3 cm2 in size) was placed on a resistive molybde-

num boat (substrate holder). Substrate heating was achieved

by flowing electric current from an external heating unit

through a graphite resistor placed below the molybdenum hol-

der. The heating unit was designed to automatically adjust the

current flow with respect to the temperature measured by the

thermocouple embedded in the substrate holder. During all

the experiments, the substrate temperature was monitored by

an optical pyrometer (IMPAC, IGAQ-10), and we considered

this temperature to be the actual substrate/deposition tempera-

ture for graphene synthesis.

Prior to growth, the substrates were first cleaned with

acetone and then isopropanol in an ultrasonic bath to remove

residual oxides. After loading the substrate, the reactor was

pumped down to the base pressure, which was as low as

10�7 mbar. The synthesis process, as detailed in Figure 1(c),

began with substrate heating in a hydrogen atmosphere with

a 50-sccm flow rate. Once the desired annealing temperature

was achieved, a 10-min annealing step was conducted,

allowing temperature stabilization, residual oxide removal,

and cobalt grain growth. Then, the annealing was continued

for another 10 min in the presence of plasma to further

remove any trace of oxides. Note that the temperature

increased at the onset of the plasma, indicating the thermal

contribution of the plasma. At the end of this period, growth

was initiated by introducing methane.

The end of the growth phase was signaled by stopping

the plasma, heating and gas flow, and immediately injecting

100-sccm Ar flow into the reactor, thereby cooling it to room

temperature (cooling stage). The temperature decreased

abruptly (approximately 200 �C within a second) immedi-

ately after the plasma was turned off and then cooling pro-

ceeded at �100 �C/min to 400 �C, followed by 20 �C/min to

room temperature.

C. Transfer of graphene via bubbling transfer method

We used the electrolysis bubbling-assisted transfer

approach23 to transfer graphene from the Co-substrates to a

TEM grid and a gold/mica substrate for HRTEM and STM

characterization, respectively. In this process, a polymer

(poly-methylmethacrylate, PMMA) layer was first spin-

coated on graphene/cobalt samples (5000 rpm, 1 min post-

baking at 180 �C). The PMMA layer acts as a supporting

scaffold, preventing the graphene film from rolling or tearing

during the peeling process. The PMMA/graphene/cobalt

bundle was then used as the cathode of an electrolytic cell. A

cobalt foil was used for the anode, and an aqueous solution

of NaOH (1 M) was employed as the electrolyte. During the

electrochemical etching, direct current (dc) voltage was

applied to the electrodes, and hydrogen bubbles were created

at the graphene/cobalt interfaces because of the reduction of

water in the electrolytic cell

2H2O ðlÞ þ 2e�!H2ðgÞ þ 2OH�ðaqÞ:

These H2 bubbles provide a gentle but persistent force to

detach the graphene film from the cobalt substrate at its

edges.23

The typical time required for the complete delamination

of the PMMA/graphene bundle from the cobalt substrate was

�30 s. Subsequently, the PMMA/graphene bundle was lifted

and rinsed in a deionized water bath to remove residual elec-

trolyte. It was then placed on the target substrate (PMMA/

graphene/target substrate, in this order). Because of the deli-

cate nature of the target substrate, this bundle was dried at

room temperature or on a hot plate at 50 �C. PMMA was

then removed by immersing the sample in an acetone bath.

D. Characterization

Characterization of the as-grown films on the cobalt sub-

strates began with room temperature Raman spectroscopy

(HR800, HORIBA Jobin-Yvon) in confocal mode in air with

the back-scattering configuration using 632.8-nm laser exci-

tation to identify the crystalline quality and graphene thick-

ness. Three different locations were probed to describe each

specimen reliably and discard possible spatial inhomogenei-

ties. An acquisition time of 45 s was used to obtain a suffi-

cient signal-to-noise ratio. The spectra were averaged,

normalized, and analyzed using a commercially available

spectroscopic analysis software package. The morphology of

the deposited films with optimum PECVD conditions was

evaluated by means of HRTEM and STM after transferring

the as-grown films onto TEM-grids and Au (111)/mica sub-

strates, respectively.

Quantitative HRTEM analyses of PECVD graphene

were performed by using a JEM-ARM200F microscope. The

combination of the JEOL cold FEG and the CEOS corrector

to compensate the spherical aberration of the objective lens

allows acquiring images at 80 kV with sub-angstrom resolu-

tion and high sensitivity.39 In order to identify single layer

area, HRTEM images were simulated with the JEMS soft-

ware, by using the aberration coefficients experimentally cal-

culated by the CEOS corrector software (spherical aberration

coefficient and the defocus spread were 0.006 mm and

5.5 nm, respectively).40

III. RESULTS AND DISCUSSION

A. Results of Taguchi-designed experiments

The Raman spectrum of graphene collected with 632.8-

nm laser excitation is composed of three major peaks: (1)

The D-band, centered at �1328 cm�1, is attributed to

disorder-induced first-order scattering (interlayer effects);

(2) the G-band at �1583 cm�1 is a result of in-plane (intra-

layer) vibrations of the sp2-hybridized carbon atoms; and (3)

the 2D-band located at approximately 2700 cm�1 is an over-

tone of the D-band and can be attributed to a two-phonon

double resonance Raman process.41–44 Based on these char-

acteristic peak positions, shapes, and relative intensities,

information about the number of layers (I2D/IG) and the den-

sity of the lattice defects (ID/IG) in a graphene sample can be

determined. Single-layer graphene, particularly that pro-

duced by mechanical exfoliation, is characterized by a very
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sharp symmetrical Lorentzian 2D peak (full width at half

maximum [FWHM] � 24 cm�1), and its intensity is more

than twice that of the G peak (I2D/IG> 2).42,44 In CVD gra-

phene, the shape difference of the 2D peak for one or more

layers is not as clear as that of exfoliated graphene because

of the lower electronic coupling between layers with unor-

dered stacking. In addition, as the number of layers

increases, the 2D peak becomes broader and less symmetri-

cal, and its intensity decreases.42 In multilayer graphene,

interlayer interactions and twist angle can also affect peak

position and intensity.45

Figure 2 shows the Raman spectra of the as-deposited

films on cobalt substrates obtained using the experimental

configurations summarized in Table I. The spectra show

three main features, as mentioned above, in the 1200–2900

region, D-band (�1330 cm�1), the G-band (�1382 cm�1),

and the 2D-band (�2680 cm�1). The extracted 2D/G and D/

G intensity ratios are listed in Table II. Each value was deter-

mined using the average results obtained by measuring

Raman scattering at three different locations on the sample.

The variation of the selected control factors caused ID/IG and

I2D/IG to vary around mean values of 0.77 and 0.38, respec-

tively, revealing that the deposited films generally consist of

multiple defective graphene layers. Defects could be associ-

ated with graphene edges or Stone-Wales pentagon-heptagon

defects in graphene lattice.42

B. Influences of experimental parameters

The Taguchi method allows us to quantify the influence

of the selected experimental parameters (Ts, t, UCH4, and

Pmw) on graphene thickness and defect density. To do so, the

S/N ratio of the collected outputs (I2D/IG and ID/IG) was ana-

lyzed. The S/N ratio for the I2D/IG output response (which

should be maximized to grow graphene films with fewer

layers) was calculated as

S

N

� �
larger�is�better

¼ �10 log10

1

n

Xn

i¼1

1

Y2
i

� �" #
; (1)

whereas for the ID/IG output response, the S/N ratio (which

should be minimized to reduce the defect density in the gra-

phitic lattice) was

S

N

� �
smaller�is�better

¼ �10 log10

1

n

Xn

i¼1

ðY2
i Þ

" #
: (2)

In both cases, n is the number of measurements in each

experiment, and Yi is the investigated outputs (I2D/IG and

ID/IG) for ith experiment. The S/N ratios obtained by analyz-

ing raw I2D/IG and ID/IG data are reported in Table II. Based

on these values, the mean S/N ratios for each selected

parameter were calculated by averaging on each level. For

instance, synthesis temperature (Ts) was varied in two levels

(700 and 850 �C) which resulted in four Taguchi trial experi-

ments for each temperature (Table I); the mean S/N ratio for

700 �C was determined by averaging the S/N ratios obtained

in the Taguchi experiments of D1 to D4. The mean S/N

ratios are plotted in Figure 3.

According to Equations (1) and (2), optimizing the phys-

ical quantities Y requires maximizing the corresponding S/N

ratio because larger S/N ratios correspond to lower response

variability.32–37 Therefore, the control factor producing the

greatest S/N variation is the most influential on the consid-

ered output.32–37 For instance, in the case of the larger-is-bet-

ter analysis of graphene thickness (Figure 3(a)), the greatest

variation of the S/N ratio was observed for the substrate tem-

perature, Ts (1.06 dB) revealing that this parameter has the

greatest influence on graphene thickness, whereas micro-

wave power Pmw, which resulted in the smallest (0.21 dB) S/

N variation, is the least influential factor. Similarly, in the

case of the smaller-is-better analysis of defect density

(Figure 3(b)), temperature had the most important influence

on defectiveness in graphene, and microwave power has the

second largest effect. Both the larger-is-better and smaller-

is-better analyses suggest that substrate temperature has the

greatest influence on the overall quality of graphene. Figures

3(c) and 3(d) show the degree of influence of each factor on

I2D/IG and ID/IG, respectively, which was calculated using

the following equation:

FIG. 2. Raman spectra of the graphene films at 632 nm laser excitation

obtained in trial experiments (D1 to D8). Spectra are normalized to the cor-

responding band maximum intensity.

TABLE II. Results of Taguchi-designed CVD growth experiments in terms

of structural properties of the synthesized samples, as described by Raman

indicators ID/IG and I2D/IG, respectively, monitoring density of lattice

defects and number of layers. The corresponding S/N ratios and average val-

ues are also reported.

ID/IG I2D/IG

Experiments Data S/N (dB) Data S/N (dB)

D1 1.85 �5.53 0.50 �6.67

D2 0.49 6.19 0.51 �7.54

D3 0.43 7.21 0.36 �8.97

D4 2.36 �7.45 0.31 �10.42

D5 0.31 9.56 0.34 �10.05

D6 0.15 15.22 0.32 �9.84

D7 0.26 11.55 0.37 �9.22

D8 0.28 10.97 0.37 �8.75

Average values 0.77 5.96 0.38 �8.93
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Ik ¼ 100
DRk

DRtot

� �
; (3)

where DRk ¼ ðSNÞ
max
k � ðSNÞ

min
k is the variation associated with

the changes of the kth factor and DRtot ¼
PF

k¼1 DRk is the

sum of the variations associated with the changes of all the

factors F.

C. Optimal conditions and results

Because the highest S/N ratio indicates the optimal level

of each control factor, from the results of the “larger-is-

better” analysis of S/N shown in Figure 3(a), we expect that

within the ranges of the Ts, UCH4, t, and Pmw considered, the

optimal yield of few-layer graphene films via PECVD occurs

at Ts¼ 700 �C, UCH4¼ 1 sccm, t¼ 30 s, and Pmw¼ 400 W.

Additionally, the results of the “smaller-is-better” S/N analy-

sis shown in Figure 3(b) indicate that the defect density in a

graphene sample (ID/IG) can be minimized by selecting

Ts¼ 850 �C, UCH4¼ 1 sccm, t¼ 90 min, and Pmw¼ 400 W.

These are the two optimal configurations that are expected to

yield the largest 2D/G and smallest D/G intensity ratios.

Taguchi method was applied to predict the expected I2D/ID

and ID/IG with these configurations by first calculating the

predicted S/N ratio as

S

N

� �
pred

¼ S

N

� �
mean

þ
XP

k¼1

S

N

� �max

k

� S

N

� �
mean

� �
; (4)

where ðSNÞmean (dashed line in the response graphs of

Figures 3(a) and 3(b)) is averaged across all levels of all

selected parameters P, and ðSNÞ
max
k is the largest mean S/N

ratio corresponding to the optimal level of the parame-

ter.32,37 From ðSNÞpred, the predicted value of the physical

quantity Y is finally estimated as

Ypred ¼ 10
A
B (5)

with A ¼ � 1
10
ðSNÞpred, and B ¼ �2 for a larger-is-better anal-

ysis or B ¼ 2 for a smaller-is-better analysis.32,37 Inserting

the values reported in Figures 3(a) and 3(b) into Eqs. (4) and

(5) generates the predicted values for (I2D/IG)pred¼ 0.5 and

(ID/IG)pred¼ 0.2.

To test this prediction, two additional experiments

(OPT1 and OPT2 in Table III) were performed, and the

Raman spectra of the corresponding films are shown in

Figure 4.

The value of the 2D/G intensity ratio (0.3) obtained in

OPT1 failed to meet the expectation (expected I2D/IG¼ 0.5).

This shortcoming indicates that interactions occur between

the parameters determining this response. In contrast, the ID/

IG value (0.04) achieved in OPT2 was even smaller than the

expected value (0.2).

Understanding the interaction between factors might pro-

vide better insight into the overall process analysis. For this

purpose, the severity index, which reflects the extent of the

interaction between two chosen parameters, should be esti-

mated for each pair of control parameter.32–37 In the present

case, interaction between parameters was not considered dur-

ing the design of Taguchi experiments; only the individual

FIG. 3. Response graphs of S/N ratio

for (a) “larger-is-better” analysis of

I2D/IG and for (b) “smaller-is-better”

analysis of ID/IG. In each response

graph, dashed line indicates the total

mean S/N ratio; for each control-

factor, the greatest S/N value is also

reported. The degree of influence of

the control factors on I2D/IG (c) and

ID/IG (d) is displayed.

TABLE III. Experimental configurations of first test-experiments and the

results obtained.

Experimentsa

Control factors Measured system response

Ts UCH4 t Pmw I2D/IG ID/IG

OPT1 700 1 30 400 0.3 0.4

OPT2 850 1 90 400 0.25 0.04

a50 sccm H2 is used as a carrier gas; 100 sccm Ar for cooling; and the cham-

ber pressure is maintained at 13 mbar.
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influence of each chosen parameter was studied. However, if

the interaction between parameters is considered, the percent-

age contribution of each selected parameter (Ts, UCH4, t, and

Pmw) to the graphene thickness (I2D/IG) and defectiveness (ID/

IG) can be quantified by the Analysis of Variance (ANOVA)

calculation with Taguchi experimental design software,

Qualitek4.32

The mutual interaction between deposition time (t) and

CH4 flow rate (UCH4) had the greatest influence on the gra-

phene thickness (Figure 5(a)). The existence of this interac-

tion might explain why the optimal configuration in OPT1

did not satisfy the expectation, despite setting all control

parameters to the corresponding optimal levels needed to

maximize I2D/IG. As shown in Figure 5(b), substrate temper-

ature (Ts) has the greatest influence on defect density of the

obtained graphene films, validating the reduced ID/IG value

(0.04) obtained in OPT2 (Table III). Since simultaneous

reduction of defect density and number of graphene layers

requires a compromise, a new set of experiments (OPT3 and

OPT4 in Table IV) was performed. Methane flow rate UCH4

was set to 1 sccm because this value should reduce the film

thickness without dramatically enhancing the defect density

(see the S/N changes caused by the variation of UCH4 in

Figures 3(a) and 3(b)). The response graphs in Figure 3(a)

indicate that the shorter deposition time (t¼ 30 s) favored the

formation of thin graphene films and that the longer deposi-

tion time (t¼ 90 s) lowered the defect density (Figure 3(b)).

Moreover, as shown in Figure 5, a significant mutual interac-

tion exists between t and UCH4. Therefore, optimizing the

deposition time requires compromise in choosing the value

of UCH4. For a lower value of UCH4, a longer deposition time

is preferable because it positively affects defectiveness.

Using higher Pmw (400 W) was found to benefit graphene

thickness and defect density (see the S/N changes caused by

varying Pmw in Figures 3(a) and 3(b)). The graphene films

obtained under these conditions (Table IV) exhibited the

same ID/IG value (defectiveness) as in OPT2 but had a higher

2D/G intensity ratio, confirming that temperature exerts the

largest influence on graphene thickness and also validating

the choice of varying the substrate temperature in the

second-test experiments given in Table IV.

The measured I2D/IG ratios and the FWHM values of the

2D band of both samples were in the range of 1–2 and

35–45 cm�1, respectively. These values are comparable to

those of the thermal CVD-grown few-layer (2–3) graphene

films.44 Note that each of these I2D/IG ratios was calculated

using the average results obtained by measuring Raman scat-

tering at three different positions on the sample. To determine

the graphene films’ homogeneity over the substrate, Raman

mapping was performed over an area of 100� 100 lm2 (ran-

domly selected) for sample OPT3. Figure 6(b) displays spatial

inhomogeneity of the sample with around 100% surface cov-

erage with graphene. The calculated fraction of the surface

with I2D/IG higher than 1 is around 19.3%, indicating the

fraction of few layer graphene in these samples. Additional

SEM image of sample OPT3 is shown in Figure S2 (in the

FIG. 4. Raman spectra of the as-deposited films on cobalt substrates

obtained in test experiments OPT1 and OPT2 at 632 nm laser excitation.

Spectra are normalized to the corresponding maximum band intensity. The

spectra are shifted vertically for clarity.

FIG. 5. Influence of growth parameters

on (a) graphene thickness, I2D/IG and

(b) defect density in graphitic lattice,

ID/IG, when the interaction between

parameters is considered.

TABLE IV. Experimental configurations of second test-experiments and the

results obtained.

Experimentsa

Control factors Measured system response

TS UCH4 tS PW I2D/IG ID/IG

OPT3 870 1 90 400 1.9 0.04

OPT4 890 1 90 400 1.2 0.04

a50 sccm H2 is used as a carrier gas; 100 sccm Ar for cooling; and the cham-

ber pressure is maintained at 13 mbar
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supplementary material) that confirms large surface coverage

of cobalt substrate with graphene films. Dark regions represent

the graphene areas separated by bright ripples corresponding

to cobalt grain boundaries.

After transferring the sample OPT3 on a TEM grid (see

methods), we have exploited aberration-corrected HRTEM

to confirm these structural information. Quantifying the

number of layers in graphene by HRTEM requires to pre-

cisely tune the optical parameters of the microscope and to

compare experimental images with simulations. Image aber-

rations were frequently determined and adjusted by using the

corrector software. The focus of the images was systemati-

cally tuned to �18 nm by visualizing the size of the Thon

ring that can be seen on the Fourier transform of HRTEM

images when amorphous adsorbents partially cover the gra-

phene surface. These optical conditions are precisely adjust-

able because the first Thon ring, corresponding to the second

extremum of the contrast transfer function, then overlaps the

first order reflections of the graphene structure (Figure

7(a)).46 Besides, as illustrated on the simulated images of

Bernal graphene structures with an incremental number of

layers (Figure 7(b)), these optical conditions allow distin-

guishing single layer areas from multi-layer areas. Indeed,

by comparing the simulated images with the projected

atomic positions used for these simulations (left images in

Fig. 7(c)), we can see that the image of a single layer is the

only one which directly represents the atomic structure with

bright atomic contrast and dark holes. On the contrary, the

images of multilayer graphene do not show all the atomic

columns of the structure, but they display a hexagonal pat-

tern of bright dots that is similar to the image of a single

layer graphene with dark atomic contrast and bright holes.

In line with the Raman measurements, HRTEM analyses

revealed that PECVD samples are inhomogeneous in

FIG. 6. (a) Raman spectra of the as-

deposited graphene films on cobalt sub-

strates obtained in test experiments

OPT3 and OPT4 at 632 nm laser excita-

tion. Spectra are normalized to the cor-

responding maximum band intensity.

The spectra are shifted vertically for

clarity. (b) Raman map of I2D/IG ratio at

632 nm laser excitation for graphene

films obtained in OPT3 experiment.

FIG. 7. HRTEM analyses of PECVD graphene. (a) Fourier transform of a HRTEM image of a twisted-multilayer graphene acquired with a focus of �18 nm.

The twist angle of 15.2� between the two graphene lattices is indicated. (b) HRTEM image simulations of Bernal graphene calculated with the aberration coef-

ficients determined experimentally (spherical aberration coefficient¼ 0.006 mm, defocus spread¼ 5.5 mm, and focus¼�18 nm). The number of layers in the

structure is given below each image. The two images on the left show the projected atomic positions of the single layer and multi-layer structures, respectively.

(c) HRTEM image simulations of 15.2�-twisted-multilayer graphene calculated with the same optical condition than in (b). The number of layers in the lower/

upper lattices is indicated below each image. The holes of different size at the center of each lattice allow observing the contrast of the lower lattice (single

layer) and the Moir�e pattern induced by the stacking of the two lattices. (d) HRTEM image series of a layer-by-layer peeling induced by the electron beam in a

15.2�-twisted-bilayer graphene.
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structure. We identified areas with Bernal (Figure S3 in the

supplementary material) and twisted multilayer graphene

(Figure 7). We exploited the layer-by-layer peeling induced

by the electron beam to create terraces within these multi-

layer graphitic structures that allow determining the number

of layers. Many areas were found to have 4 to 7 layers, but

several bilayer areas were also unambiguously identified. As

illustrated in Figure 7(d), these bilayer areas display a well-

defined Moir�e pattern at the early stage of HRTEM observa-

tions. Thereafter, the electron-irradiation creates a hole in

the upper layer that allows observing characteristic atomic

contrast of single layer graphene. Later on, this single layer

is also drilled by the electron beam and a hole with no atomic

contrast appears. The structure of this twisted-bilayer area

was also confirmed with image simulations of 15.2�-twisted-

multilayer graphene with an incremental number of layers in

the upper lattice. Indeed, the experimental Moir�e pattern

(Figure 7(d)) only corresponds to the simulated contrasts of a

bilayer structure (Figure 7(c)).

In addition to the investigated parameters, the nature of

the carbon source could influence the graphene growth, as

was demonstrated by Kim et al.47 They compared different

carbon precursors, such as methane and acetylene, diluted in

hydrogen and decomposed over nickel substrates under a

variety of growth conditions. In addition, hybrid CVD

machine allows testing PECVD and thermal CVD.

According to this work, it is not easy to synthesize graphene

at 750 �C by methane, while few layered graphene was

obtained at 750 �C by acetylene.

Indeed, methane has a higher dissociation temperature

than acetylene because the barrier energy for breaking the C-

C bond is lower than for C-H bonds. Since carbon solubility

in cobalt is similar to that in nickel, one can extrapolate the

results of Kim et al. Nevertheless, our conditions are differ-

ent from Kim et al. since the hydrogen to methane ratio is

much larger, 50:1 H2:CH4 in our case against 15:1

H2:C2H2.47 This leads to an excess of molecular hydrogen

which enhances the well-known chemical transformation of

methane to acetylene (Figure S4 in the supplementary mate-

rial), explaining why we obtain graphene with methane at

700 �C (experiments D1 and OPT1). In our conditions, most

of the methane introduced in the reactor is transformed to

acetylene in a few milliseconds. We performed numerical

calculations to simulate the plasma composition by consider-

ing a detailed kinetics for the decomposition of the methane

in the experiments associated with this paper. Our model sol-

ves the coupled energy and mass problem in the specific

microwave plasma conditions. Figure S5 in the supplemen-

tary material clearly shows this behavior.

In addition, thermal CVD of graphene is performed, in

general, in hot-wall type reactor where gas temperature can

reach at maximum of about 1000 �C. Since the chemical

transformation of methane to acetylene requires a tempera-

ture higher than 1000 �C, the graphene deposition with hot-

wall reactor is limited to carbon precursors with lower disso-

ciation barrier, such as acetylene. In the present study, we

used cold-wall type reactor where plasma temperature as

high as 2000 �C can be achieved, suggesting that graphene

deposition at low temperature is possible even if methane is

used as precursor. In this case, dissociated species and acety-

lene diffuse to the surface where they participate to graphene

growth.

D. STM characterization of the transferred graphene
films

In order to characterize the structural properties of the

graphene sample OPT3 after transfer, we performed STM

experiments on graphene transferred on a Au(111) substrate.

The measurements were performed under ultra-high vacuum

conditions (10�10 mbar) and at room temperature. The

Au(111)/mica substrate was cleaned by repeated cycles of

Arþ ion sputtering and annealing at 300 �C. The sample was

then taken out from the UHV system to transfer the graphene

sheet in ambient condition. Then, the sample was introduced

again in the UHV system and degassed at 100 �C.

In the large-scale image reported in Figure 8(a), white

linear structures are observed that likely correspond to gra-

phene ripples with typical heights of 1 nm. The surface

shown in this image appears to be 100% covered by gra-

phene. The atomic resolution images in the inset of Figure

8(a) reveal the honeycomb lattice of the graphene sheet. In

addition, Moir�e patterns are observed on the sample (see

Figure 8(b)), indicating that the sample is made of bilayer or

multilayer graphene. In Figure 8(b), thin lines corresponding

to rotational grain boundaries can be seen. In domains 1 and

2 of Figure 8(b), Moir�e patterns can be observed with differ-

ent periods, indicating that the graphene layer has two differ-

ent orientations in these domains. The periods of the Moir�e
patterns are found to be 7.8 nm in domain 1 and 2.2 nm in

domain 2. These periods correspond to a Moir�e pattern

between two graphene layers rotated by 1.8� and 6.3�,
respectively.48 This means that the corresponding grain

boundary separates two domains of graphene that are rotated

by 4.5�. Such a low angle grain boundary is expected to be

buckled,49 as evidenced by the series of bumps observed

along the grain boundary in the STM image. The ripples and

grain boundaries are the only defects of the graphene layer

observed in the images of Figure 8, showing the high quality

of the graphene sheet in these areas; in particular, we did not

FIG. 8. Room temperature STM images of the graphene films (obtained in

OPT3), after undergoing transfer on Au (111)/mica substrate. (a) Large scale

image (obtained at 100 mV, 800 pA) where ripples and grain boundaries

(GB) can be observed. The inset shows the atomic resolution of the graphene

sheet. (b) Area with 3 graphene domains separated by rotational grain

boundaries (obtained at 1 V, 800 pA). Different Moir�e patterns are observed

on domains 1 and 2.
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observe point defects or more complex defects in the gra-

phene domains.

IV. CONCLUSION

In this work, a microwave plasma-enhanced chemical

vapor deposition (PECVD) system is used to synthesize gra-

phene on cobalt substrates. The process is based on the cobalt-

catalyzed decomposition of hydrogen-methane mixture fol-

lowed by carbon saturation of the cobalt substrate at high tem-

perature. While cooling the substrate, the solubility of carbon

in the cobalt decreases, and a thin film of carbon is thought to

precipitate from the surface. Substrate temperature, methane

flow rate, deposition time, and microwave power were

assumed to affect the graphene number of layers and defect

density. To simultaneously optimize these two structural

parameters in a reduced number of experiments, each control

factor was varied within two levels, using Taguchi method.

Conducting the sensitivity analysis and performing analysis of

variance (ANOVA) have allowed obtaining definite informa-

tion about the weightage of parameters, thereby ranking all

the parameters individually on overall crystalline quality and

thickness of the graphene. In the parameter range considered,

substrate temperature was found to be most influential. Its per-

centage contribution is 42% on number of graphene layers

and 64% on defect density. Nevertheless, based on signal-to-

noise statistical analysis, the value of the criteria failed to

meet the expectation, indicating that interactions occur

between the parameters. To determine the graphene films’

homogeneity over the substrate, Raman mapping was per-

formed over an area of 100� 100 lm2 and a large portion of

the surface was covered with few-layer graphene with a good

crystallinity. To quantitatively estimate the layer thicknesses,

as-grown graphene films were transferred from Co substrates

to the TEM grid by electrochemical bubbling using a polymer

support. High resolution transmission electron microscopy

(HRTEM) and the Fourier transform of HRTEM images allow

to characterize (2–7) twisted-multilayer graphene and to view

individual atoms. Scanning tunneling microscopy (STM) was

used to direct visualization of the graphene lattice, identify

rotational grain boundaries, and reveal the multilayer nature

of the investigated sample areas through the presence of

Moir�e patterns. To clarify the role of each growth parameter,

a systematic study using thermochemical modeling is cur-

rently in progress.

SUPPLEMENTARY MATERIAL

See supplementary material for the typical steps in

PECVD graphene growth on high carbon solubility substrates

and most influential parameters in each step, SEM image of

the sample OPT3, HRTEM image of multilayer graphene

with a Bernal structure, a schema for simplified chemical

transformation of methane to acetylene, and thermochemical

simulation of the methane dissociation in microwave plasma.
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