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Abstract: A systematic method to identify key factors that control the synthesis of Physical
Vapor Deposition (PVD)-based graphene on copper is necessary for engineering graphene growth.
The statistical design-of-experiments method is employed and demonstrated in this work in order to
fulfill the necessity. Full-factorial design-of-experiments are performed to examine the significance of
the main effects and the extent of the interactions of the controlling factors, which are responsible for
the number of layers and the quality of the grown graphene. We found that a thinner amorphous
carbon layer and a higher annealing temperature are suitable for the growth of mono-layer/few-layer
graphene with low defects, while the effect of annealing time has a trade-off and needs to be
optimized further. On the other hand, the same treatment, but with larger annealing times will
result in multi-layer graphene and low defects. The results obtained from the analysis of the
design-of-experiments are verified experimentally with Raman characterization.

Keywords: amorphous carbon film thickness; annealing; design-of-experiments; factorial design;
thermo-mechanical stress

1. Introduction

Graphene is a planar sheet of sp?> bonded carbon atoms with single atomic thickness [1].
It is increasingly popular due to its splendid properties. Excellent intrinsic mobility of about
200,000 cm?2- V—1. 571 [2], current density tolerance of about 108 A/cm? [3] and thermal conductivity
in the order of 5 x 103> W/m- K [4] are among the few important properties of graphene that make it a
promising candidate for a vast number of applications, such as ULSI (Ultra-Large Scale Integration)
interconnects, transparent conductive coatings, photodetectors, optical modulator, sensors, metrology,
etc., and many others.

Specifically, graphene with different numbers of layers have different potential applications.
Single-layer or mono-layer graphene (SLG) is used as the top electrodes of semi-transparent organic
solar cells fabricated by Liu et al. [5], as the transparent conductive anode in OLEDs (Organic
Light-Emitting Diodes) investigated by Zhu et al. [6], as field-effect transistors studied by Li et al. [7],
etc. Eda et al. [8], Kim et al. [9], Wang et al. [10] and Yan et al. [11] reported the applications of
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few-layer graphene (FLG) in thin-film transistors (TFTs), capacitive touch panels, touch screens and
micro/nanometer-scale heat spreaders, respectively. On the other hand, multi-layer or many-layer
graphene (MLG) films are used as thermal interface materials in photovoltaic (PV) solar cells,
optoelectronic, photonic devices and systems [12]. MLG films are also used as superconductors
reported by Ballestar et al. [13] and as fillers in polymer composite reported by Chrissafis and
Bikiaris [14] and Jia et al. [15], etc.

Several graphene growth methods have been reported since its discovery in 2004 by
Novoselov et al. [1]. Beginning from a scotch-tape technique [1] in order to mechanically exfoliate
graphene flakes, many growth techniques have been reported [16-18], such as graphite sonication [19],
epitaxial growth [20], graphene oxide reduction [21], etc. The chemical vapor deposition (CVD)
technique produces large area graphene with high quality and low mass production, which otherwise
is a big challenge for other growth methods [16,22,23]. The CVD method uses a variety of carbon
sources, including gaseous [7,24-26] and liquid [27,28] precursors. Use of amorphous carbon as a solid
source for graphene synthesis on Cu was reported by Ji et al. [29]. However, their method involved
graphene growth on a several micron-thick copper foil, and the graphene so obtained needs to be
transferred onto the required substrate, which might introduce defects.

Recently, we demonstrated the feasibility of the crystallization of amorphous carbon (a-C) below
sputtered copper (Cu) thin film, which acts as a catalyst to obtain graphene on the top surface of the
Cu film experimentally [30]. This graphene synthesis method is PVD (Physical Vapor Deposition)
based, which is novel as both a carbon source and a metal catalyst are deposited using the sputtering
method. Unlike other methods, such as conventional CVD (Chemical Vapor Deposition), where much
of the gaseous carbon source is wasted and the synthesis temperature is very high, this PVD-based
method provides low cost and direct transformation of pure carbon species underneath the copper
film into graphene on the top of copper film at temperatures acceptable for the semiconductor industry,
with better control over the number of layers and the quality of the grown graphene. Therefore,
it can potentially be useful for enhancing the conductivity and reliability performance of ULSI
copper interconnects.

In order to optimize the above-mentioned PVD-based process, the key process parameters
(also known as factors) must be identified. One-factor-at-a-time (OFAT) experimentation is the most
common method to identify the key factors, in which only one factor or variable is varied at a time
while keeping others fixed [31]. However, statistical approaches, such as the Design-of-Experiments
(DoE) method, are more efficient in order to study two or more factors that vary simultaneously, while
keeping the number of experimental runs to a minimum. Furthermore, DoE helps in obtaining the
necessary information, especially the interaction effect of the various parameters [32], which is not
possible with the OFAT method.

DoE has been used as a statistical tool for several multi-disciplinary engineering applications,
such as controlling the process parameters for various nano-suspensions [33] and nano-carriers [34-36].
Furthermore, the optimization of biodiesel production reported by Vicente et al. [37] and surface
roughness prediction reported by Choudhury and El-Baradie [38] also use this powerful tool.
Wirtz et al. [25] implemented DoE in order to identify combinations of parameters that are suitable for
graphene growth on copper using ethene. However, the implementation methodology of the latter
work is not clear, and the reasons for the identified key parameters being important to the process are
not explained in their work.

This work attempts to describe the implementation methodology of DoE for our PVD-based
graphene synthesis method. The physical reasons for the identified key factors in affecting a specific
outcome of the grown graphene film are also explained to demonstrate the consistency of the DoE
method and the underlying physics of our PVD-based graphene synthesis method.
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2. Methods

2.1. Design-of-Experiments

The full-factorial Design-of-Experiments (DoE) [32] method is implemented in order to study the
effect of the levels of process parameters or factors necessary to facilitate PVD-based graphene growth
on copper (Cu) using amorphous carbon (a-C) as the solid carbon source. There are many factors that
can affect the growth of graphene on Cu in this process, namely the annealing temperature, annealing
time, a-C and Cu layer thicknesses, gas mixture, gas flow rate and pressure values.

From our previous experiences with the process, we found that varying some parameters, such as
gas mixture, gas pressure, flow rate and Cu thickness, will affect the possibility of graphene growth,
and thus, they are held constant to values that can facilitate graphene growth in this work. This is
because our focus here is on the values of parameters (levels of factors) that will affect the number
of layers (single, few or multi-layered) of graphene and the quality (corresponding to the amount of
defects) of graphene growth. Thus, we limit our scope to the study of only three parameters in this
work, namely annealing temperature, a-C layer thickness and annealing time.

The thickness of the a-C layer is further determined by the combination of various parameters
in the sputtering process of a-C layer, including the substrate temperature, the argon (Ar) flow rate,
base pressure values, RF/DC (Radio-Frequency /Direct Current) power and deposition time. In order
to achieve variable a-C layer thickness, deposition time is varied, while the other parameters involved
in the sputtering process are held constant.

Each of the parameters or factors examined have two levels, as shown in Table 1. The factors are
named as “A”, “B” and “C”, and the levels are coded as “—1" or low level and “+1” or high level.

Table 1. Design-of-Experiments (DoE) factors. a-C, amorphous carbon.

Factors
Levels Annealing Temperature  a-C Layer Thickness Annealing Time
A B C
—1 (Low) 820 °C 12 nm 10 min
+1 (High) 1020 °C 36 nm 50 min

2.2. Graphene Synthesis

The graphene synthesis process comprises sample preparation using the PVD method and
subsequent annealing.

The samples are prepared by depositing amorphous carbon (a-C) thin film with different
thicknesses on Si/SiO, (300 nm) substrate, followed by 800 nm-thick copper (Cu) (99.99%) film
deposition. Supplementary Figure S1 shows a detailed schematic diagram of sample preparation.
The choice of the thickness of the a-C layer is based on the levels depicted in Table 1.

The deposition is carried out using RF and DC sputtering for a-C and Cu respectively at a stable
pressure of 3 mTorr, in the presence of Ar gas with a flow rate of 30 sccm. The substrate temperature
during the sputtering process is maintained at 250 °C.

All of the samples are subsequently annealed in a hydrogen (Hy) environment with a flow rate of
50 sccm at a low pressure of 1 Torr. The annealing temperature and time are varied as per the levels
chosen for DoE, as shown in Table 1. After annealing, the samples are cooled down, during which the
H, flow rate is decreased to 30 sccm, and Ar gas is introduced at a flow rate of 20 sccm. Supplementary
Figure S2 shows schematic diagram of annealing apparatus.

2.3. Characterization

The characterization of the annealed samples is performed using Raman scattering spectra, and
the equipment used is PTT RAMaker Micro Raman/PL/TR-PL Spectrometer (Protrustech Co., LTD,
Tainan, Taiwan) with a confocal Raman microscope system (laser excitation wavelength = 473 nm;
laser spot-size = 0.5 pm).
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Raman characterization is an important tool to determine the presence of graphene by observing
3 signature peaks, namely Ip, Ig and Irp. It is well known that the Ig peak is associated with the
doubly-degenerate phonon mode at the Brillouin zone center, which comes from a normal first order
Raman scattering process in graphene and originates from the interplanar sp?>-bonded C-C stretching
vibrations [39]. The Irp and Ip peaks originate from a second-order process, involving two iTO
phonons near the K point for the 2D band and one iTO phonon and one defect in the case of the D band,
which can be often used to evaluate the number of graphene layers and the grain size of graphene,
respectively [39]. In general practice, I,p/Ig and Ip/Ig peak intensity ratios are used as metrics for
evaluating the number of layers and quality of graphene, respectively [39—41]. Hence, we use these
metrics as the responses for DoE analysis.

3. Results and Discussions

3.1. Factorial Experiment Design and Experimental Results

The analysis is done on the design based on full-factorial DoE [42], which is a two-level factorial
analysis, and all three factors are taken into consideration. The total number of runs performed is
n x LF =2 x 23 = 16, in a random order, where 7 is the number of replicates, L is the number of levels
and F is the number of factors. All eight combinations of factors “A”, “B” and “C” are chosen as shown
in Table 2.

Table 2. Full-factorial DoE analysis.

Controlling Factors Responses
Raman . .
Runs’ Spectrum in Annealing a—C. Layer Ann.eahng Ip/Ig Peak Ip/Ig Peak
Order Figure 1 Temperature  Thickness Time Intensity Ratio Intensity Ratio
A B C (Response I) (Response II)

5 @) 820 °C 12 nm 10 min 0.300 0.600

7 (b) 1020 °C 12 nm 10 min 1.900 0.400

1 (c) 820 °C 36 nm 10 min 0.001 0.001

6 (d) 1020 °C 36 nm 10 min 0.001 1.000

3 (e) 820 °C 12 nm 50 min 0.434 0.434

8 ) 1020 °C 12 nm 50 min 0.250 0.100

4 (8 820 °C 36 nm 50 min 0.001 0.300

2 (h) 1020 °C 36 nm 50 min 0.890 0.464

The values of I,p/Ig and Ip/Ig peak intensity ratios (obtained from Raman characterization)
for each of the eight sets of factor levels and each of the two replicates are collected, averaged and
recorded in Table 2. Figure 1 shows the Raman Spectra for the experimental runs mentioned in Table 2.
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Figure 1. Raman Spectra for all eight experimental runs (as mentioned in Table 2). The Raman spectrum

from (a) to (h) corresponds to experimental Runs 5, 7, 1, 6, 3, 8, 4, 2, respectively.
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3.2. DoE Analysis Results

The data recorded in Table 2 are fed to Minitab software (trial package, version 17, Minitab Inc.,
Philadelphia, PA, USA, 2016) for DoE analysis. The analysis results of factors “A”, “B” and "C” for two
responses I and II, namely “Ip /I peak intensity ratio” and “Iop /I peak intensity ratio”, respectively,
are discussed as follows.

Figure 2 shows the main effect plots of factors “A”, “B” and ”"C” for the two responses. Main effect
plots represent the average change in output that follows from a change in the level [43]. If a main
effect plot is not horizontal, then different levels of the factor affect the response differently, and the
steeper the slope of the plotted line, the greater the magnitude of the main effect that exists; whereas,
if the plotted line is horizontal (parallel to the x-axis), there is no main effect present. In such a case,

each level of the factor affects the response in the same way, and the response mean is the same across
all factor levels [44].

Main Effect Plots for I)/I Main Effect Plots for L,,/1
Fitted Means Fitted Means
0.50 - A B C 0.80 A B C
0.45 - 0.60 -
o 5
= / i \
= 0.40 / =0.40-
e ©
= [=|
80354 5 0.20 -
= $
0.30 4 0.00 J
-1 1 -1 1 -1 1 =l 1 -1 1 <] 1
Factor Levels Factor Levels
(a) (b)

Figure 2. Main effect plots of the factors “A”, “B” and “C” for Response I (a) and Response II (b). All of
the factors seem to show the main effect on both responses.

Figure 2 indicates that for both the responses of In/Ig and I,p/Ig peak intensity ratios, the plotted
line of all three factors “A”, “B” and “C” are not parallel to the x-axis, and thus, they seem to affect the
respective responses.

The interaction plots of the factors “A”, “B” and “C” for the two responses in Table 2 are shown
in Figure 3. An interaction plot indicates the dissimilarity in the response variation between the
levels of one factor at different levels of other factors [45]. In other words, the interaction between
two factors shows that the effect of one factor on the response depends on the level chosen for its
counterpart. Parallel plots are an indication of non-significant interaction, whereas non-parallel plots
show interaction between the factors [46].

Figure 3 shows that all of the factors “A”, “B” and “C” interact, producing interaction terms
“AB” and “AC” for Response I and interaction terms “AC” and ”"C” for Response 1I, as their plots
are non-parallel. In other words, the responses at different levels of annealing temperature, a-C layer
thickness and annealing time chosen for our PVD-based graphene synthesis are dependent on the
levels of each other.

The observed change in the two responses due to the factors individually and interactively could
be due to the noise occurring in the experiments, and only statistically-significant changes can be
considered as the main or interaction effects. Furthermore, the presence of a significant interaction
term can mask the significance of the main effects. Hence, both the test for statistical significance and
DoE plots need to be analyzed concurrently [32].
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Figure 3. Interaction plots of the factors “A”, “B” and “C” for Response I (a) and Response II (b);
solid circles indicate the interaction points. Factor interaction terms “AB” and “AC” are visible for
Response I, while factor interaction terms “AC” and “BC” are visible for Response II.

In order to test for statistical significance, Analysis of Variance (ANOVA) statistics is employed,
and the analysis results are presented in Tables 3 and 4 for the two responses, respectively.

Table 3. Analysis of variance for Ip/Ig using adjusted SS (Sum of Squares) for the tests. The text
marked in red represents the statistically-significant term.

Degrees of Adiusted Sum Adjusted Mean
Factors Freedom of S] uares (SS) of Squares MS) F=MS/MSg p  Contribution
(DF) a = SS/DF
Linear Effects

A 1 0.0495 0.0495 0.65 0.445 7.46%
B 1 0.0067 0.0067 0.09 0.775 1.01%
C 1 0.0618 0.0618 0.80 0.396 9.31%

2-way Interactions
AB 1 0.3599 0.3599 4.69 0.062  54.28%
AC 1 0.1174 0.1174 1.53 0.251 17.70%
BC 1 0.0066 0.0066 0.086 0.776 0.99%
Error 8 0.6142 MSg = 0.076 - - 9.26%

Table 4. Analysis of variance for I,p/Ig using adjusted SS for the tests. The texts marked in red
represent statistically-significant terms.

Degree of Adiusted Sum Adjusted Mean
Factors Freedom P S] (SS) of Squares (MS) F=MS/MSg p  Contribution
(DP) OF SUATES = SS/DF
Linear Effects

A 1 0.6641 0.6641 5.95 0.040  22.44%
B 1 0.4955 0.4955 4.44 0.068  16.74%
C 1 0.0491 0.0491 0.44 0.525 1.66%

2-way Interactions
AB 1 0.0347 0.0347 0.31 0.592 1.17%
AC 1 0.1001 0.1001 0.90 0.371 3.38%
BC 1 0.7230 0.7230 6.48 0.034  24.43%
Error 8 0.8931 MSg =0.111 - - 30.18%
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Table 3 indicates that the factors” interaction “AB” is the only statistically-significant term for
Response I at the 10% significance level as the “p” value is less than 0.1. The presence of the main effect
of the factors “A”, “B”, “C” and the factors’ interaction term “AC” for Response I, as depicted by the
plots in Figures 2 and 3, respectively, are all found to be statistically insignificant.

Table 4 indicates that the main effect of the factors “A” and “B” along with the factors’” interaction
term “BC” are all statistically-significance for the response II at the 10% significant level, as the “p”
value is less than 0.1. The presence of the main effect of the factor “C” and the factors’ interaction
term “AC” for Response II, as depicted by the plots in Figures 2 and 3, respectively, are all statistically
insignificant. The interaction term “BC” is the most significant in affecting Response II, followed by

the factor “A” and the factor “B”.

3.3. Physical Reasons of the Statistically-Significant Terms

From the above ANOVA analysis, we have found the statistically-significant terms for Responses I
and II, respectively. Let us now examine the physical reasons for these identified factors in affecting
the two responses.

1. The presence of the significant interaction term “AB” mentioned in Table 3 can be explained
with the aid of the following governing chemical reactions for graphene growth as given by
Vlassiouk et al. [47]. These reactions are shown in Scheme 1 in Figure 4 and are modified for our
experiments since a-C is used as the carbon source instead of methane.

C+H,+ AH M9, Cpsc* 4 H* - Slow  Reaction (1)

Cu catalyst

CH*/C* + Gr+ AH (Gr+C)t+H, Reaction (2)

(Gr-C) + CH*/C* + AH Reaction (3)

Cu catalyst
H* + Gr

Figure 4. Scheme 1: Graphene growth mechanism’s governing reactions; here C represents the carbon
atom, Gr represents graphene, CH*/C* represent hydrogen bonded-carbon radical/carbon radical,
H* represents the hydrogen radical and AH represents heat (permission to modify the scheme has
been obtained).

The formation of hydrocarbons responsible for graphene formation by the reaction of a-C and Hjp
at elevated temperatures as shown in Reaction (1) has been confirmed by Ji et al. [29], as well.

The rise in temperature causes thermo-mechanical stress [48] at the a-C/Cu interface due to the
difference in the coefficient of thermal expansion for a-C and Cu. As a result, this thermo-mechanical
stress causes the sample to warp downwards. This can be seen from the equivalent von-Mises stress
analysis obtained from our Finite Element Analysis (FEA) simulation performed for the experimental
test sample, as depicted in Figure 5. This FEA is performed using thermal and static-structural analysis
in ANSYS 16.2 Academic Version (ANSYS, Inc., Canonsburg, PA, USA, 2015). The material properties
used for FEA [49-54] are mentioned in Table S1 of the Supplementary Materials. Here, the resultant
stress is given by Equation (1) and is popularly known as Stoney’s equation [55,56].

2

o= [ (V) 2w "

where A(1/R) =(1/R — 1/Rg), Rg and R are the radius of the curvature of the samples before and after

the thermo-mechanical stresses are developed, respectively, and “t” denotes the thickness of the layer

in the sample with subscripts “s”

Equation (1) shows that the film thickness and thermo-mechanical stress have an inverse

relationship [55,56]; thus, the total stress will be higher for a thinner a-C/Cu interface, as shown
in Figure 6.

and “f” referring to the substrate and film, respectively.
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Figure 5. ANSYS simulation of thermo-mechanical stress (equivalent von-Mises stress) at the a-C and
Cu interface at 1020 °C.
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Figure 6. ANSYS simulation results of maximum principal stress distributions in the three samples
with different a-C layer thickness at 1020 °C. The area of the maximum stress distribution is the largest
in the sample with the thinnest a-C layer.

High stress at the interface and thermo-mechanical stress causing the downward warpage enhance
carbon diffusion through Cu grain boundaries, resulting in the carbon reaching the surface of the
Cu film. The von-Mises stress in the Cu film is tensile in nature (the values are believed to be high
enough that they can either cause cracking in Cu film and/or enhancement of H; diffusion in Cu
film through its grain boundaries [57,58]). The enhancement of H, diffusion will cause more carbon
radical generation as per Reaction (1) in Figure 4. Furthermore, the a-C layer is found to be under
compressive stress, which causes a “push” in the perpendicular direction towards the surface. Both of
these mechanisms will enhance carbon diffusion through Cu boundaries. This renders the carbon
radical generation Reaction (1) and graphene formation Reaction (2) favorable, and the defective
sites, especially those at the edges, are repaired by the graphene formation, causing I /I ratio to fall.
A higher temperature will cause the stress to be higher, and it will also increase the rate of Reactions (1)
and (2), thus rendering a larger reduction of the defects in the grown graphene.

The major difference between the diffusion of the solid carbon source and its gaseous counterpart
is that in our method, the solid carbon source generates the carbon radical from beneath the Cu layer,
and it diffuses through the Cu grain boundaries to stabilize on the surface as graphene. The thickness of
the carbon layer becomes an important factor in such a case and influences the growth. In the gaseous
carbon source, the carbon radicals are generated on the Cu surface, and there is no stress-enhanced
generation of carbon radicals.

On the other hand, for a thicker a-C layer, the thermo-mechanical stress is lower, and Reaction (3)
is more dominant. Under such circumstances, the rise in temperature will cause more etching of the
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synthesized graphene, resulting in an increase in the defective sites in the graphene layer due to the
etching, and causing the Ip /I ratio to rise.

2. The presence of the significant interaction term “BC” mentioned in Table 4 can again be
explained by the stress-related growth mechanism mentioned above. As mentioned earlier, for a thin
a-C layer, the formation of graphene is enhanced, and the annealing time required is short, and vice
versa for a thicker a-C layer. If the annealing time is sufficiently long, the response of the graphene
growth will be independent of the a-C layer, as by then, even the case of the thick a-C layer would
have graphene grown already. When the annealing time becomes short, there will be very little or even
no graphene grown for a thick a-C layer in contrast to the case of a thin a-C layer. Hence, we can see
the interaction of the factors “B” and “C” in Figure 3, which is statistically significant, as well.

The reasons for the statistical significance of the factors “A”, i.e., the annealing temperature,
and “B”, i.e,, the a-C layer thickness, as mentioned in Table 4, can be easily understood from the
above explanation of the stress-related graphene growth mechanism and governing reactions shown
in Figure 4. Factor “B” controls the amount of carbon supply, which is related to the variable stress at
different levels of the factor “B”, whereas the factor “A” influences the rates of Reaction (1), (2) and (3),
as shown in Figure 4.

3.4. Optimal Level of DoE Factors

From the study of DoE, one can see that the three controlling factors do have a significant impact
on the graphene growth and its quality. In order to find an optimal level of different factors for good
quality graphene growth, i.e., low Ip/Ig peak intensity ratio (Response I) and different numbers
of graphene layers, i.e., variable I;p/Ig peak intensity ratio (Response II), contour plot analysis is
performed based on the results from DoE, as shown in Figures 7 and 8, respectively.

Lowest Peak Region Highest Peak Region Lowest Peak Region

\ Contour Plot of ID/IG vs B, A / I Contour Plot of ID/IGvs C, B
1.0 | 3z

1D/1G
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Contour Plot of ID/IG vs C, A

Hold Values
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0.5 0.0

A
Low Peak Region Highest Peak Region

Figure 7. Contour plots for Response I with respect to the factors “A”, “B” and “C”; insets show the
surface plots. High levels of the factor “A” and the factor “C” and a low level of the factor “B” indicate
a low value of the Ip /Ig peak intensity ratio.
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Figure 8. Contour plots for Response II with respect to the factors “A”, “B” and “C”; the insets show
the surface plots. The area within dotted boundaries represents multi-layer graphene.

Figure 7 depicts the contour and surface plots for Response I, wherein any two factors are
displayed on the x- and y-scales, and the response (on the z scale) variable is represented by a contour
and smooth surface, respectively.

These plots show the required levels of factors in affecting the quality of graphene. They indicate
that a high level of the factor “A”, a low level of the factor “B” and a high level of the factor “C” are
the required levels for producing graphene with a low value of the Ip /I peak intensity ratio, which is
highly desirable for good quality graphene [40,41]. In other words, a combination of longer annealing
time, a thinner a-C layer and a higher annealing temperature will result in a lower Ip/Ig peak intensity
ratio and, hence, graphene with lesser defects.

Figure 8 depicts the contour and surface plots for Response II and shows the required levels of
factors affecting the number of synthesized graphene layers. They suggest that a high level of the
factor “A” and a low level of the factors “B” and “C” are the required levels for producing graphene
with a high value of the I,p/Ig peak intensity ratio (>1.5), which is highly desirable for single-layer or
few-layer graphene [40,41]. In other words, a treatment combination of higher annealing temperature,
thinner a-C layer and smaller annealing time will result in a higher I, /Ig peak intensity ratio, and
hence, mono-layer/few-layer graphene will be synthesized.

On the other hand, if multi-layer graphene is desired, then there is a large region for the choice of
levels in each of the contour plots shown in Figure 8. These regions represent the I,p/Ig peak intensity
ratio values below one, which is a signature for multi-layer graphene [40,41].

The trends suggested by Figures 7 and 8 are instrumental in bringing out a clear relation between
the choice of levels for the factors and the quality /number of graphene layers, and they are summarized
in Table 5.
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Figure 9. Superimposition of contour plots for Responses I and II, as shown in Figures 7 and 8,

respectively; dotted ovals show the region of coincidence.

Table 5. Relation between the choice of levels and the quality /number of graphene layers.

. Factors
Respective
Desired Graphene Traits Responses I & II A Annealing B a-_C Layer C Annealing Time
Temperature Thickness
Low for high B;
Low defects only Low Response I High for low B Low Large
Mono-/few-layer High Response II High Low Small
graphene only
Mono-/few-layer Low Response I and . Nged to be optimized
High Low using response surface

graphene with low defects

high Response II

method [37,45]

Multi-/many-layer
graphene only

Low Response II

Large region in Figure 8, representing several combinations

Multi-/many-layer
graphene with low defects

Low Response I and
low Response II

High Low Large

As indicated by Figure 9

For the case of mono-/few-layer graphene, the annealing time is required to be optimized as it
affects the two responses in opposite directions, as shown in Table 5. Long annealing time favors low
defects, but smaller annealing time favors mono-/few-layer graphene synthesis. Hence, the response
surface method [37,45] must be employed for optimizing growth parameters, which we will present in

the future work.
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However, the case for multi-layer graphene with low defects is not straight-forward. The region
for multi-layer graphene represented in Figure 8 is large, but the region for low defects in Figure 7 is
smaller. In order to have a clearer picture, Figures 7 and 8 are superimposed, as shown in Figure 9.

The coinciding regions (depicted by dotted ovals) in Figure 9 indicate that a high level of the
factors “A” and “C” and a low level of the factor “B” are the required levels for many-layer graphene
with low defects. These regions suggest that a treatment combination of higher annealing temperature,
thinner a-C layer and longer annealing time will result in a low I,p/Ig peak intensity ratio (close to
one or less) and a low I /Ig peak intensity ratio; hence, multi-layer graphene [40,41] with less defects
will be synthesized.

3.5. Experimental Verification

In order to further validate the above statistical results besides the physical explanations,
experiments are performed. Experimental samples with an a-C layer thickness of 12 nm are annealed
at 1020 °C, and the annealing time is varied across multiple levels from 5 to 50 min.

Figure 10 shows the plots of the Ip/Ig and Irp/Ig peak intensity ratios vs. annealing time,
for samples with thin a-C layer, annealed at a high annealing temperature.

A 12D/IG ratio of Sample with Thin a-C layer
= ID/IG of Sample with Thin a-C layer

-—#‘Fﬂw T T T T
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Figure 10. Plots of the Ip/Ig and I,p/Ig peak intensity ratios vs. annealing time, for samples with
a thin a-C layer annealed at 1020 °C. The dotted circle shows the region with a larger Irp/Ig peak
intensity ratio at a shorter annealing times. Dotted rectangles show the region with a smaller I;p/Ig
peak intensity ratio, and the dashed oval shows the region with a smaller I /I peak intensity ratio,

both at longer annealing times.

The plots in Figure 10 clearly show that the I,p/Ig peak intensity ratio is larger for shorter
annealing times (depicted by a dotted circle), whereas the Ip/Ig peak intensity ratio is lower for
longer annealing times (depicted by a dashed oval), when the experiments are conducted at a high
annealing temperature for samples with a thin a-C layer. This result is in clear agreement with Table 5.
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Therefore, in order to achieve a large I,p/Ig peak intensity ratio and a small Ip /I peak intensity ratio
simultaneously, the annealing time has to be optimized.

On the other hand, longer annealing times with the same parameters for the annealing temperature
and a-C thickness will result in multi-layer graphene with low defects (depicted by dotted rectangles
in Figure 10), in agreement with Table 5. Therefore, we can see that the type of desired graphene with
respect to the quality and number of layers can be adjusted by choosing suitable levels obtained from
the DoE analysis.

4. Conclusions

DoE has been successfully implemented to identify important factors that control the graphene
synthesis using a-C as the carbon source and Cu as the catalyst. Full-factorial DoE analysis reveals
that the interaction of annealing temperature and a-C layer thickness is statistically significant for
the Ip/Ig peak intensity ratio and the quality of grown graphene. On the other hand, annealing
temperature, a-C layer thickness along with the interaction of the a-C layer thickness and annealing
time are statistically significant for the Iop /I peak intensity ratio and the number of layers of graphene.
The physical reasons for the factors being significant for different aspects of the grown graphene are
also explained, showing the consistency of the DoE method and the underlying process physics
and chemistry.

Contour plots suggest that a higher annealing temperature and a thinner a-C layer are favorable
for producing graphene with a smaller value of the Ip/Ig peak intensity ratio and a larger value of the
Ip/Ig peak intensity ratio. However, the annealing time has to be optimized in this case, in order to
synthesize mono-layer/few-layer graphene with low defects. On the other hand, higher annealing
temperature, thinner a-C layer and longer annealing time will result in multi-layer graphene with low
defects. This is verified by our experimental data.

In short, the application of DoE analysis on this type of graphene synthesis not only helps to
determine the key controlling factors, it can also indicate a suitable combination of the levels for
different factors for obtaining graphene of different qualities and different numbers of layers.

Supplementary Materials: The following are available online at www.mdpi.com/2076-3417/6/7/204/s1.
Figure S1: Sample preparation using PVD (Physical Vapor Deposition) method; 2 sets of samples each having
36 nm and 12 nm thick a-C (amorphous carbon) thin films are prepared. Figure S2: Thermal Annealing after
sample preparation; Annealing is carried out at 2 levels of temperatures that are 820 °C /1020 °C and 2 levels of
duration that are 10 min/50 min. Table S1: Thermo-mechanical properties of the materials used for Finite Element
Analysis (FEA).

Acknowledgments: We acknowledge the support of the Ministry of Science and Technology (MOST), Taiwan.
This work is funded by a MOST grant (Grant Number MOST 104-2221-E-182-040). The samples were prepared and
annealed at the Semiconductor Laboratory in the Department of Electronic Engineering of Chang Gung University,
Taiwan. Raman characteristic data were obtained at the Biosensor Laboratory of Chang Gung University.

Author Contributions: Cher Ming Tan conceived of the experiments. Udit Narula designed and performed the
experiments. Cher Ming Tan and Udit Narula analyzed the data. Udit Narula and Cher Ming Tan wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, 5.V; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666—669. [CrossRef] [PubMed]

2. Morozov, S.V.; Novoselov, K.S.; Katsnelson, M.I.; Schedin, F,; Elias, D.C.; Jaszczak, J.A.; Geim, A.K. Giant
intrinsic carrier mobilities in graphene and its bilayer. Phys. Rev. Lett. 2008, 100, 016602. [CrossRef] [PubMed]

3. Moser, ].; Barreiro, A.; Bachtold, A. Current-induced cleaning of graphene. Appl. Phys. Lett. 2007, 91, 163513.
[CrossRef]

4. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, E; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902-907. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1103/PhysRevLett.100.016602
http://www.ncbi.nlm.nih.gov/pubmed/18232798
http://dx.doi.org/10.1063/1.2789673
http://dx.doi.org/10.1021/nl0731872
http://www.ncbi.nlm.nih.gov/pubmed/18284217

Appl. Sci. 2016, 6, 204 140f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Liu, Z; Li,J,; Sun, Z.-H,; Tai, G; Lau, S.-P; Yan, E. The application of highly doped single-layer graphene as
the top electrodes of semitransparent organic solar cells. ACS Nano 2012, 6, 810-818. [CrossRef] [PubMed]
Zhu, X.-Z.; Han, Y.-Y,; Liu, Y;; Ruan, K.-Q.; Xu, M.-F,; Wang, Z.-K; Jie, ].-S.; Liao, L.-S. The application of
single-layer graphene modified with solution-processed TiOx and PEDOT:PSS as a transparent conductive
anode in organic light-emitting diodes. Org. Electron. 2013, 14, 3348-3354. [CrossRef]

Li, X;; Cai, W;; An, ].; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I; Tutuc, E.; et al. Large-area
synthesis of high-quality and uniform graphene films on copper foils. Science 2009, 324, 1312-1314. [CrossRef]
[PubMed]

Eda, G.; Fanchini, G.; Chhowalla, M. Large-area ultrathin films of reduced graphene oxide as a transparent
and flexible electronic material. Nat. Nanotechnol. 2008, 3, 270-274. [CrossRef] [PubMed]

Kim, J.; Ishihara, M.; Koga, Y.; Tsugawa, K.; Hasegawa, M.; lijima, S. Low-temperature synthesis of large-area
graphene-based transparent conductive films using surface wave plasma chemical vapor deposition.
Appl. Phys. Lett. 2011, 98, 091502. [CrossRef]

Wang, J.; Liang, M.; Fang, Y,; Qiu, T.; Zhang, J.; Zhi, L. Rod-coating: Towards large-area fabrication of
uniform reduced graphene oxide films for flexible touch screens. Adv. Mater. 2012, 24, 2874-2878. [CrossRef]
[PubMed]

Yan, Z.; Nika, D.L.; Balandin, A.A. Review of Thermal Properties of Graphene and Few-Layer Graphene:
Applications in Electronics. Available online: https://arxiv.org/abs/1503.01825 (accessed on 12 July 2016).
Shahil, K.M.F,; Balandin, A.A. Thermal properties of graphene and multilayer graphene: Applications in
thermal interface materials. Solid State Commun. 2012, 152, 1331-1340. [CrossRef]

Ballestar, A.; Esquinazi, P.; Barzola-Quiquia, J.; Dusari, S.; Bern, E; da Silva, R.R.; Kopelevich, Y. Possible
superconductivity in multi-layer-graphene by application of a gate voltage. Carbon 2014, 72, 312-320.
[CrossRef]

Chrissafis, K.; Bikiaris, D. Can nanoparticles really enhance thermal stability of polymers? PartI: An overview
on thermal decomposition of addition polymers. Thermochim. Acta 2011, 523, 1-24. [CrossRef]

Jia, Y,; Peng, K.; Gong, X.; Zhang, Z. Creep and recovery of polypropylene/carbon nanotube composites.
Int. J. Plast. 2011, 27, 1239-1251. [CrossRef]

Akbar, F; Kolahdouz, M.; Larimian, S.; Radfar, B.; Radamson, H.H. Graphene synthesis, characterization
and its applications in nanophotonics, nanoelectronics, and nanosensing. J. Mater. Sci. Mater. Electron. 2015,
26,4347-4379. [CrossRef]

Zhang, Y.; Zhang, L.; Zhou, C. Review of Chemical vapor deposition of graphene and related applications.
Acc. Chem. Res. 2013, 46, 2329-2339. [CrossRef] [PubMed]

Lee, H.C,; Liu, W.W.,; Chai, S.P; Mohamed, A.R.; Lai, C.W.; Khe, C.S.; Voon, C.H.; Hashim, U.; Hidayah, N.M.S.
Synthesis of Single-layer Graphene: A review of recent development. Procedia Chem. 2016, 19, 916-921.
[CrossRef]

Choi, K.H.; Ali, A; Jo, ]. Randomly oriented graphene flakes film fabrication from graphite dispersed in
N-methyl-pyrrolidone by using electrohydrodynamic atomization technique. J. Mater. Sci. Mater. Electron.
2013, 24, 4893-4900. [CrossRef]

Macha¢, P; Fidler, T.; Cichon, S.; Jurka, V. Synthesis of graphene on Co/SiC structure. ]. Mater. Sci.
Mater. Electron. 2013, 24, 3793-3799. [CrossRef]

Ali Umar, M.L; Yap, C.C.; Awang, R.; Hj Jumali, M.H.; Mat Salleh, M.; Yahaya, M. Characterization of
multilayer graphene prepared from short-time processed graphite oxide flake. J. Mater. Sci. Mater. Electron.
2013, 24, 1282-1286. [CrossRef]

Peng, K.J; Lin, YH.; Wu, C.L,; Lin, S.F,; Yang, C.Y,; Lin, S.M.; Tsai, D.P,; Lin, G.R. Dissolution-and-reduction
CVD synthesis of few-layer graphene on ultra-thin nickel film lifted off for mode-locking fiber lasers. Sci. Rep.
2015, 5. [CrossRef] [PubMed]

Orofeo, C.M.; Ago, H.; Hu, B.; Tsuji, M. Synthesis of large area, homogeneous, single layer graphene films by
annealing amorphous carbon on Co and Ni. Nano Res. 2011, 4, 531-540. [CrossRef]

Reina, A ; Thiele, S.; Jia, X.; Bhaviripudi, S.; Dresselhaus, M.S.; Schaefer, ].A.; Kong, J. Growth of large-area
single- and Bi-layer graphene by controlled carbon precipitation on polycrystalline Ni surfaces. Narno Res.
2009, 2, 509-516. [CrossRef]

Wirtz, C.; Lee, K.; Hallam, T.; Duesberg, G.S. Growth optimisation of high quality graphene from ethene at
low temperatures. Chem. Phys. Lett. 2014, 595, 192-196. [CrossRef]


http://dx.doi.org/10.1021/nn204675r
http://www.ncbi.nlm.nih.gov/pubmed/22148872
http://dx.doi.org/10.1016/j.orgel.2013.10.003
http://dx.doi.org/10.1126/science.1171245
http://www.ncbi.nlm.nih.gov/pubmed/19423775
http://dx.doi.org/10.1038/nnano.2008.83
http://www.ncbi.nlm.nih.gov/pubmed/18654522
http://dx.doi.org/10.1063/1.3561747
http://dx.doi.org/10.1002/adma.201200055
http://www.ncbi.nlm.nih.gov/pubmed/22539114
https://arxiv.org/abs/1503.01825
http://dx.doi.org/10.1016/j.ssc.2012.04.034
http://dx.doi.org/10.1016/j.carbon.2014.02.011
http://dx.doi.org/10.1016/j.tca.2011.06.010
http://dx.doi.org/10.1016/j.ijplas.2011.02.004
http://dx.doi.org/10.1007/s10854-015-2725-9
http://dx.doi.org/10.1021/ar300203n
http://www.ncbi.nlm.nih.gov/pubmed/23480816
http://dx.doi.org/10.1016/j.proche.2016.03.135
http://dx.doi.org/10.1007/s10854-013-1494-6
http://dx.doi.org/10.1007/s10854-013-1320-1
http://dx.doi.org/10.1007/s10854-012-0920-5
http://dx.doi.org/10.1038/srep13689
http://www.ncbi.nlm.nih.gov/pubmed/26328535
http://dx.doi.org/10.1007/s12274-011-0109-x
http://dx.doi.org/10.1007/s12274-009-9059-y
http://dx.doi.org/10.1016/j.cplett.2014.02.003

Appl. Sci. 2016, 6, 204 150f 16

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

Nandamuri, G.; Roumimov, S.; Solanki, R. Chemical vapor deposition of graphene films. Nanotechnology
2010, 21, 145604. [CrossRef] [PubMed]

Dong, X.; Wang, P.; Fang, W.; Su, C.-Y.; Chen, Y.-H.; Li, L.-].; Huang, W.; Chen, P. Growth of large-sized
graphene thin-films by liquid precursor-based chemical vapor deposition under atmospheric pressure.
Carbon N. Y. 2011, 49, 3672-3678. [CrossRef]

Srivastava, A.; Galande, C.; Ci, L.; Song, L.; Rai, C.; Jariwala, D.; Kelly, K.F,; Ajayan, PM. Novel liquid
precursor-based facile synthesis of large-area continuous, single, and few-layer graphene films. Chem. Mater.
2010, 22, 3457-3461. [CrossRef]

Ji, H.; Hao, Y; Ren, Y.; Charlton, M.; Lee, W.H.; Wu, Q.; Li, H.; Zhu, Y.; Wu, Y,; Piner, R.; et al. Graphene
Growth Using a Solid Carbon Feedstock and Hydrogen. ACS Nano 2011, 5, 7656-7661. [CrossRef] [PubMed]
Narula, U,; Tan, C.M.; Lai, C.S. Copper induced synthesis of graphene using amorphous carbon.
Microelectron. Reliab. 2016, 61, 87-90. [CrossRef]

Czitrom, V. One-Factor-at-a-Time Versus Designed Experiments. Am. Stat. Assoc. 1999, 53, 126-131.
Montgomery, D.C.; Runger, G.C. Applied Statistics and Probability for Engineers; John Wiley & Sons: Hoboken,
NJ, USA, 2010.

Verma, S.; Lan, Y.; Gokhale, R.; Burgess, D.J. Quality by design approach to understand the process of
nanosuspension preparation. Int. . Pharm. 2009, 377, 185-198. [CrossRef] [PubMed]

Kamal, N.; Cutie, A.J.; Habib, M.].; Zidan, A.S. QbD approach to investigate product and process variabilities
for brain targeting liposomes. J. Liposome Res. 2015, 25, 175-190. [CrossRef] [PubMed]

Xu, X.; Khan, M.A; Burgess, D.J. A quality by design (QbD) case study on liposomes containing hydrophilic
APIL I Formulation, processing design and risk assessment. Int. J. Pharm. 2011, 419, 52-59. [CrossRef]
[PubMed]

Mei, K.-C.; Guo, Y.; Bai, ].; Costa, PM.; Kafa, H.; Protti, A.; Hider, R.C.; Al-Jamal, K.T. Organic Solvent-Free,
One-Step Engineering of Graphene-Based Magnetic-Responsive Hybrids Using Design of Experiment-Driven
Mechanochemistry. ACS Appl. Mater. Interfaces 2015, 7, 14176-14181. [CrossRef] [PubMed]

Vicente, G.; Coteron, A.; Martinez, M.; Aracil, ]J. Application of the factorial design of experiments and
response surface methodology to optimize biodiesel production. Ind. Crops Prod. 1998, 8, 29-35. [CrossRef]
Choudhury, I.A.; El-Baradie, M.A. Surface roughness prediction in the turning of high-strength steel by
factorial design of experiments. J. Mater. Process. Technol. 1997, 67, 55-61. [CrossRef]

Malard, L.M.; Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S. Raman spectroscopy in graphene. Phys. Rep.
2009, 473,51-87. [CrossRef]

Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping
and nonadiabatic effects. Solid State Commun. 2007, 143, 47-57. [CrossRef]

Ferrari, A.; Robertson, J. Resonant Raman spectroscopy of disordered, amorphous, and diamondlike carbon.
Phys. Rev. B 2001, 64, 1-13. [CrossRef]

Barker, T.B.; Milivojevich, A. Quality by Experimental Design; Chapman and Hall/CRC Press: Boca Raton, FL,
USA, 2016.

Spall, J. Factorial Design for Efficient Experimentation. IEEE Control Syst. Mag. 2010, 30, 38-53. [CrossRef]
Jayakumar, M. Design of Experiments (DOE). Available online: https://www.isixsigma.com/tools-
templates/design-of-experiments-doe/ (accessed on 20 May 2016).

Montgomery, D.C. Design and Analysis of Experiments; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2013.
Box, G.E.P; Hunter, ].S.; Hunter, W.G. Statistics for Experimenters: Design, Innovation, and Discovery;
Wiley-Blackwell: Hoboken, NJ, USA, 2005.

Vlassiouk, I.; Regmi, M.; Fulvio, P; Dai, S.; Datskos, P.; Eres, G.; Smirnov, S. Role of Hydrogen in Chemical
Vapor Deposition Growth of Large Single-Crystal Graphene. ACS Nano 2011, 5, 6069-6076. [CrossRef]
[PubMed]

Yao, Y,; Li, Z; Lin, Z.; Moon, K.-S.; Agar, J.; Wong, C. Controlled Growth of Multilayer, Few-Layer, and
Single-Layer Graphene on Metal Substrates. |. Phys. Chem. C 2011, 115, 5232-5238. [CrossRef]

Blech, I.; Cohen, U. Effects of humidity on stress in thin silicon dioxide films. ]J. Appl. Phys. 1982, 53,
4202-4207. [CrossRef]

Marques, E.C.; Lacerda, R.G.; Champi, A.; Stolojan, V.; Cox, D.C,; Silva, S.R.P. Thermal expansion coefficient
of hydrogenated amorphous carbon. Appl. Phys. Lett. 2003, 83, 3099-3101. [CrossRef]


http://dx.doi.org/10.1088/0957-4484/21/14/145604
http://www.ncbi.nlm.nih.gov/pubmed/20215663
http://dx.doi.org/10.1016/j.carbon.2011.04.069
http://dx.doi.org/10.1021/cm101027c
http://dx.doi.org/10.1021/nn202802x
http://www.ncbi.nlm.nih.gov/pubmed/21879747
http://dx.doi.org/10.1016/j.microrel.2016.01.005
http://dx.doi.org/10.1016/j.ijpharm.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19446617
http://dx.doi.org/10.3109/08982104.2014.968854
http://www.ncbi.nlm.nih.gov/pubmed/25308415
http://dx.doi.org/10.1016/j.ijpharm.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21787854
http://dx.doi.org/10.1021/acsami.5b03577
http://www.ncbi.nlm.nih.gov/pubmed/26101940
http://dx.doi.org/10.1016/S0926-6690(97)10003-6
http://dx.doi.org/10.1016/S0924-0136(96)02818-X
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1103/PhysRevB.64.075414
http://dx.doi.org/10.1109/MCS.2010.937677
https://www.isixsigma.com/tools-templates/design-of-experiments-doe/
https://www.isixsigma.com/tools-templates/design-of-experiments-doe/
http://dx.doi.org/10.1021/nn201978y
http://www.ncbi.nlm.nih.gov/pubmed/21707037
http://dx.doi.org/10.1021/jp109002p
http://dx.doi.org/10.1063/1.331244
http://dx.doi.org/10.1063/1.1619557

Appl. Sci. 2016, 6, 204 16 of 16

51.

52.

53.

54.

55.

56.

57.

58.

White, G.K. Thermal expansion of reference materials: Copper, silica and silicon. J. Phys. D Appl. Phys. 2002,
6,2070-2078. [CrossRef]

Kim, M.T. Influence of substrates on the elastic reaction of films for the microindentation tests. Thin Solid Films
1996, 283, 12-16. [CrossRef]

Cho, S.; Chasiotis, I.; Friedmann, T.A ; Sullivan, ].P. Young’s modulus, Poisson’s ratio and failure properties
of tetrahedral amorphous diamond-like carbon for MEMS devices. J. Micromech. Microeng. 2005, 15, 728-735.
[CrossRef]

Bloomfield, M.O.; Bentz, D.N.; Cale, T.S. Stress-Induced Grain Boundary Migration in Polycrystalline Copper.
J. Electron. Mater. 2008, 37, 249-263. [CrossRef]

Stoney, G.G. The Tension of Metallic Films Deposited by Electrolysis. Proc. R. Soc. A Math. Phys. Eng. Sci.
1909, 82, 172-175. [CrossRef]

Xu, S.; Tay, BK,; Tan, H.S.; Zhong, L.; Tu, Y.Q,; Silva, S.R.P; Milne, W.I. Properties of carbon ion deposited
tetrahedral amorphous carbon films as a function of ion energy. J. Appl. Phys. 1996, 79. [CrossRef]

Yao, J.; Cahoon, J.R. Experimental studies of grain boundary diffusion of hydrogen in metals.
Acta Metall. Mater. 1991, 39, 119-126. [CrossRef]

Buehler, M.].; Hartmaier, A.; Gao, H. Constrained grain boundary diffusion in thin copper films. MRS Proc.
2004, 821. [CrossRef]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0022-3727/6/17/313
http://dx.doi.org/10.1016/0040-6090(95)08498-3
http://dx.doi.org/10.1088/0960-1317/15/4/009
http://dx.doi.org/10.1007/s11664-007-0354-7
http://dx.doi.org/10.1098/rspa.1909.0021
http://dx.doi.org/10.1063/1.361440
http://dx.doi.org/10.1016/0956-7151(91)90333-V
http://dx.doi.org/10.1557/PROC-821-P1.2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Methods 
	Design-of-Experiments 
	Graphene Synthesis 
	Characterization 

	Results and Discussions 
	Factorial Experiment Design and Experimental Results 
	DoE Analysis Results 
	Physical Reasons of the Statistically-Significant Terms 
	Optimal Level of DoE Factors 
	Experimental Verification 

	Conclusions 

