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ABSTRACT 

Controlled synthesis of graphite at low temperatures is a desirable process for a number of 1 

applications. Here, we present a study on the growth of thin graphite films on polycrystalline 2 

Ni films at low temperatures, about 380 °C, using inductively coupled plasma enhanced 3 

chemical vapor deposition. Raman analysis shows that the grown graphite films are of good 4 

quality as determined by a low ID/IG ratio, ~0.43, for thicknesses ranging from a few layers of 5 

graphene to several nanometers thick graphitic films. The growth of graphite films was also 6 

studied as a function of time, precursor gas pressure, hydrogen concentration, substrate 7 

temperature and plasma power. We found that graphitic films can be synthesized on 8 

polycrystalline thin Ni films on SiO2/Si substrates after only 10 seconds at a substrate 9 

temperature as low as 200 °C. The amount of hydrogen radicals, adjusted by changing the 10 

hydrogen to methane gas ratio and pressure, was found to dramatically affect the quality of 11 

graphite films due to its dual role of as a catalyst and etchant. We also find that a plasma power 12 

of about 50W is preferred in order to minimize plasma induced graphite degradation. 13 

Keywords: PECVD, graphene, graphite, Raman, low temperature synthesis 14 
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1. Introduction   17 

  Nanostructured carbon materials (carbon nanotubes (CNT) and graphene) are being 18 

studied as alternatives for future devices and interconnect applications because of their unique 19 

properties.1-7 Recent studies of interconnects in integrated circuits fabricated using CNTs8, 9  20 

and graphene 10 have demonstrated high breakdown current density, up to 109A/cm2, which is 21 

about three orders of magnitude higher than Cu wire interconnects. This, along with their high 22 

resistance to electron-migration makes sp2 carbons appealing for device applications. In this 23 

context, it would be desirable to grow graphene, multilayer graphene and graphite at 24 

temperatures compatible with silicon device back-end-of-line (BEOL) thermal budgets. 25 

Commercial graphite is largely produced by thermal annealing of petroleum cokes and coal 26 

tar pitches in furnaces at very high temperatures, up to 3000 °C.11 Over the past 10 years in an 27 

effort to grow graphene, graphitic film growth at temperatures as high as 1300 oC has been 28 

rediscovered.12 The process takes place by a thermal dissociation of hydrocarbons on transition 29 

metal substrates followed by dissolution of the carbon in the metal at high temperature13-17 30 

followed by segregation and precipitation of the supersaturated carbon upon cooling to form 31 

large area and high quality graphitic films. However, the typical temperature at which graphite 32 

is formed is not compatible with silicon BEOL thermal budgets. Recently, there have been 33 

many reports on the growth of graphite films at reduced temperature using plasma enhanced 34 

chemical vapor deposition (PECVD)18-22 where plasma, instead of heat, is used to dissociate 35 

the hydrocarbon sources. PECVD synthesis of large area high quality graphene and few layer 36 

graphene films has been reported at ~700 °C on metal substrates such as Cu,23, 24 Ni25-27 and 37 

Co.28 However, for some applications, lower growth temperatures are desired in order to 38 

integrate sp2 carbons directly in device flows rather than transferring the films as is currently 39 

done for graphene films.  40 

In this work, we present a detailed study on the growth behavior of graphitic films on 41 

polycrystalline Ni substrates using inductively coupled plasma enhanced chemical vapor 42 

deposition (IC-PECVD). The growth temperature in our work is lower than 475 °C, a 43 

temperature range outside of what is reported to be necessary to promote graphitic film growth 44 

on Ni by precipitation.29 Our results strongly suggest that good quality, thick graphite films of 45 

several nanometers can be obtained at temperatures as low as 380 °C and growth of sp2 carbon 46 

as observed at temperatures as low as 200 °C. We also studied the influence of the growth 47 

conditions, namely growth time, temperature, plasma power and precursor composition on the 48 
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quality of graphite. The as-grown graphitic films were then characterized using Raman 49 

spectroscopy, scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy 50 

(XPS), and transmission electron microscopy (TEM).  51 

 52 

2. Experimental  53 

The graphite films were grown on sputtered Ni polycrystalline films (~500nm) on SiO2 (200 54 

nm)/Si substrate in a commercial PECVD chamber. As schematically shown in Fig. 1, the 55 

plasma setup is an ICP generator operating at 13.56 MHz and is mounted on a high vacuum 56 

stainless steel chamber, 16 cm above the sample heater. The growth chamber is evacuated 57 

using a turbo pump to maintain high vacuum condition around ~10-8 Torr and the substrate is 58 

placed directly on the heater. Growth of the graphite films was performed as following: 1) the 59 

Ni film was annealed at 380 °C in a hydrogen and argon gas environment with a flow ratio of 60 

40:40 standard cubic centimeters per minute (sccm) for 1 hour to clean the Ni surface and to 61 

stabilize the Ni microstructure; 2) the Ni surface was then exposed to a mixture of H2 and Ar 62 

plasma for 2 minutes with a plasma power of 50 W and Ar/H2 flow rate ratio of 40:40 sccm at 63 

a total pressure of 20 mTorr; 3) graphite was then grown according the prescribed recipes. The 64 

graphite growth conditions such as sample temperature is varied from 200-800 °C; the gas 65 

mixture ratio and flow of argon (Ar), hydrogen (H2) and methane (CH4) were 40:30:10 or 66 

70:0:10 sccm (the Ar carrier gas is used to dilute the hydrocarbon gas source and stabilize the 67 

plasma); and the growth time was varied from 10 s to 2 hrs. Note that all temperatures 68 

mentioned in this work are the actual growth temperature calibrated using the thermocouple to 69 

ensure the accuracy of the growth temperature for every growth run. After deposit ion, the 70 

samples were cooled down to room temperature over a period of 30 minutes under a 100 sccm 71 

continuous flow of Ar. The structure of the graphite films was then analyzed using a Renishaw 72 

confocal Raman spectroscopic system with a laser excitation energy of 532 nm in an inVia 73 

Reflex spectrometer. The laser power was maintained at ~1.5 mW to avoid local laser 74 

overheating.30 For each sample, Raman spectra of at least three random points (spot size: ~500 75 

nm) were collected. Raman mapping images were recorded at a spot step size of 100 nm over 76 

10 × 10 µm area with a spatial resolution of 200-300 nm. The film composition was also studied 77 

by X-ray photoelectron spectroscopy (XPS) using a monochromatic Al Kα (hν = 1486.7 eV) 78 

X-ray source equipped with a 7 channel analyzer using a pass energy of 15.0 eV with all scans 79 

taken at 45° and spot size of 100 × 100 µm2 with respect to the sample.31 The morphology of 80 
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the graphite films was studied using Zeiss supra-40 scanning electron microscope (SEM) 81 

operated at electron energy of 5.0 kV. The cross-section image of graphite film is obtained on 82 

a JEM-ARM200F Transmission Electron Microscope (TEM) operated at 200 kV. 83 

3. Results and discussions 84 

3.1. Effect of deposition time 85 

     Fig. 2a shows the Raman spectra of graphite films on a polycrystalline Ni surface as a 86 

function of growth time at a growth temperature of 380 °C. The graphite films are deposited 87 

using methane diluted in Ar at a flow rate ratio of 70:10 sccm and a plasma power of 50W. 88 

After a 10 s deposition time, the deposited films show both D and G Raman peaks at ~1342 89 

cm-1 and ~1596 cm-1 respectively. The D peak is considered as signature of structural defects 90 

present in graphene films while the G peak is associated with the formation of sp2 hybridized 91 

carbon network and originates from the doubly degenerate phonon vibrations at the Brillouin 92 

zone center.32-34 Hence, for a very short deposition time, the Raman results show the formation 93 

of defective graphitic carbon on the Ni surface. For longer growth times the 2D peak, observed 94 

at ~2705 cm-1, starts to appear and becomes stronger. This 2D peak is generated by second-95 

order zone boundary phonon scattering and is sensitive to the c-axis stacking of graphene 96 

layers.34, 35 The appearance of a 2D Raman peak, accompanied by a red shift of the G peak at 97 

~1582 cm-1 after 300 s deposition points towards the formation of Bernal stacked few layer 98 

graphene films. Furthermore, the decrease of the D peak and the increase of the G peak 99 

intensity suggest that the growing film quality improves with growth time. Increasing the 100 

deposition time up to 2 hrs causes no distinctive changes in the relative intensity between D 101 

and G bands, but the 2D band broadens and changes its shape from symmetric to asymmetric 102 

with the FWHM increasing from ~80 to ~94 cm-1, which implies the formation of multilayer 103 

graphene films. A similar transition of the initial highly defective graphitic structure to good 104 

quality of graphite films has also been observed by other groups at ~800 °C,21, 24, 26 in which 105 

the continuous adsorption of incoming carbon radicals on highly reactive carbon defects, such 106 

as grain boundaries or dangling bonds, and graphite edges contributes to the increase of 107 

graphite domain size and film thickness.   108 

Fig. 2 b-c present the change in the relative intensity ratios of the D-, G- and 2D-bands, ID/IG 109 

and I2D/IG, and their respective FWHM as a function of deposition time. The ID/IG peak ratio 110 

continuously decreases from ~1.2 to ~0.42 as the deposition time is increased from 10 s to 300 111 

s; concurrently, the peak linewidths of the D- and G-bands become narrower from ~80 to ~53 112 
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cm-1 and ~85 to ~46 cm-1, respectively; an indication of larger graphite domain size and better 113 

structural quality. However, our observation on the evolution of the ID/IG ratio as a function of 114 

deposition time is opposite to that claimed by Peng et. al29 where extended plasma exposure 115 

was found to degrade the graphite film quality at 475 °C. The principal difference that could 116 

explain our results from Peng’s29 is chamber geometry as is related to the plasma source. In 117 

our case, the use of the IC plasma setup isolates the substrate from direct plasma contact, 118 

thereby reducing damage because of the decrease of Ar ion bombarding energy.36 To confirm 119 

the uniformity of the deposited graphite films on Ni substrate, we performed Raman mapping 120 

of the graphite films grown for a period of 300 s at a growth temperature of 380 °C. Fig. 3a 121 

shows the G peak intensity map across an area of 10 ×10 µm. Fig. 3b shows a HR-TEM cross-122 

section image of a graphite film having a thickness of several tens of nanometers.  123 

3.2. Effect of gas mixture pressure  124 

     Hydrogen has been reported to play a role in thermal CVD synthesis of graphene.37 We find 125 

that the same is true in PECVD; Fig. 4 shows the effect of gas source pressure on graphite 126 

quality in a hydrogen-free and -rich environment at 380 °C for the same plasma power of 50W 127 

and a growth time of 300 s. The gas pressure is adjusted by using a downstream pressure control 128 

under different gas flow rates. Fig. 4a shows the Raman spectra of graphite films deposited 129 

using an Ar:CH4 gas mixture (hydrogen-free) at a flow rate ratio of 70:10 sccm. Three Raman 130 

peaks, at ~1346, ~1586 and ~2702 cm-1, are observed after 300 s plasma exposure at 10 mTorr, 131 

along with a low intensity peak at ~2940 cm-1, referred to as D+G peak, which is believed to 132 

be associated with the presence of defective sp2 sites.33 Under this condition, both D and G 133 

peaks are broad and exhibit similar intensities indicative of the formation of a defective 134 

graphite film. Upon increasing the gas pressure to 20 and 50 mTorr, the D peak intensity is 135 

reduced, accompanied by the disappearance of the D+G peak. As indicated by the Raman 136 

spectra, the corresponding D and G peak intensity ratio ID/IG also shows a significant reduction, 137 

from ~1.1 to ~0.33, upon gas pressure increase to 50 mTorr from 20 mTorr, shown in Fig. 4 b-138 

d. The FWHM of G peak also decreases from ~62 cm-1 to ~40 cm-1, presumably as a result 139 

improved lattice ordering of graphitic film. This suggests that the graphite quality improves in 140 

the absence of hydrogen presumably as a result of a decrease in graphite etching by hydrogen 141 

ions. 142 

In contrast, when hydrogen is introduced using a gas mixture of Ar-H2-CH4 (hydrogen-rich) 143 

at a flow rate ratio of 30:40:10 sccm, shown in Fig. 4c, the Raman spectra of the graphite films 144 
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display an opposite trend in the corresponding D and G peak intensities in reference to those 145 

deposited from a hydrogen-free gas source. The increase of the deposition pressure from 10 to 146 

50 mTorr leads to a higher intensity D peak and lower intensity G peak. Accordingly, in Fig. 4 147 

b - d, the ID/IG increases from ~0.45 to ~1.05, accompanied by a broadening of the FWHM of 148 

G peak from ~38 cm-1 to ~79 cm-1. This opposite trend in the ID/IG, as a function of deposition 149 

pressures is believed to be caused by the variations in the amount of hydrogen species generated 150 

under both hydrogen-free and -rich deposition environments. Previous studies have 151 

demonstrated that hydrogen can play several complicated roles in growth of graphene by CVD, 152 

such as co-catalyst creating active sites for carbon species, e.g. CHx, surface binding and 153 

dehydrogenation, passivation of defects and gain boundaries, C-etching, etc..37, 38 However, 154 

during graphite/graphene growth by PECVD, hydrogen species can be effectively supplied by 155 

decomposition of methane molecule using plasma,29, 39 the amount of these hydrogen species 156 

generated for graphite deposition can increase gradually when the gas source pressure increases 157 

under hydrogen-free condition, which leads to formation of graphite films with large grain size 158 

at higher gas pressure. Nevertheless, by adding hydrogen molecules to the gas source, the 159 

relative ratio of carbon and hydrogen species can be dramatically increased which can 160 

contribute to the formation of hybridized sp3 CHx species and passivation of carbon active site 161 

for continuous graphene growth. Our Raman results show that at 10 mTorr, the ID/IG of films 162 

grown under hydrogen-free gas sources is lower than that from hydrogen-rich condition due to 163 

the increase in etching of the graphite because of a higher concentration of hydrogen species. 164 

These findings suggest that optimizing the hydrogen species concentration is crucial for 165 

synthesis of good quality graphite films.  166 

3.3. Effect of deposition temperature  167 

The effect of temperature on the growth of graphite using Ar-CH4 and Ar-H2-CH4 conditions 168 

was also studied as a function of temperature in the range of 200 to 800 °C. A plasma power 169 

of 50 W was used to generate the carbon radicals and the deposition time was kept constant at 170 

300 s.  Fig. 5a - b show Raman spectra of the deposited graphite films. At low growth 171 

temperatures, the Raman spectra of the samples grown at 200, 250 and 300 °C show relatively 172 

strong and broad D and G bands at ~1355 cm-1 and ~1596 cm-1, respectively, along with a weak 173 

2D band at ~2702 cm-1 and the intensity ratios of D to G bands, ID/IG, are found to be above 174 

~1.0. The presence of very weak 2D peak and high ID/IG values are related to the formation of 175 

highly defective and small graphitic nanostructures. At low growth temperatures, the mobility 176 

of reactive carbon species is relatively low, which could restrict carbon species from forming 177 
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large sp2 networks. At temperatures above 380 °C, the Raman D-band shifts toward ~1584 cm-178 

1, and the band intensity decreases, causing the corresponding ID/IG ratio to gradually decrease 179 

from ~0.45 to nearly ~0.002 as the growth temperature is increased to 800 °C. In addition, the 180 

FWHM of the G band becomes narrower, from ~64 to ~30 cm-1, close to that of graphite;40 and 181 

evidences that the crystallinity of the growing film improves with increasing growth 182 

temperature. The Raman data of the multilayer graphene films grown at ~ 500 °C agrees well 183 

with those reported in other studies41, 42 conducted at similar temperatures. It is worth noting 184 

that our demonstration on the successful growth of graphitic films at temperature as low as 185 

200 °C is in contrast to what is reported by Peng’s group29 who claimed that graphene layers 186 

fail to deposit on the Ni surface because of the negligible carbon dissolution below 475 °C. 187 

Batzill et al. also suggest that Ni2C carbide phase formed favorably at low carbon concentration 188 

below 480 °C, which  impedes the nucleation and growth of single layer graphene on Ni crystal 189 

surface.43 The results presented in this paper suggest that a different growth mechanism is 190 

operative and it is not a dissolution and precipitation mechanisms as is the case in thermal 191 

growth of graphene on Ni 14, 37, 44, 45 reported to date, in which the relative high carbon solubility 192 

of ~2.7 at% at a temperature of ~1000 °C46 serves as main driving force for graphene 193 

precipitation. At temperatures below 450 °C the carbon solubility drops to 0 at%, close to the 194 

value of ~0.001 at% reported for Cu at 1084 °C,47 and thus the growth mechanism, once a 195 

nucleus is formed, is by nucleation and growth of incoming carbon radicals at graphite edges 196 

and defects without carbon diffusion from bulk Ni substrate. The quality of the multilayer 197 

graphene films grown at a temperature as low as 380 °C is comparable to films deposited at 198 

~500-600 °C by PECVD,21, 41Unlike the thermal CVD process on Cu where dehydrogenation 199 

of hydrocarbon stops due to the poisoning of the catalyst, a continuous supply of CHx species 200 

is realized by the plasma and these active carbon species can attach to graphene edges (defects) 201 

and grain boundaries, leading to the formation of multilayer graphene films.20, 24, 41, 48 Our 202 

results suggest that the deposition of graphitic structure using IC-PECVD methods is not 203 

limited to metal surfaces like Ni but perhaps also on other materials, e.g. hexagonal 2D 204 

materials.  205 

    The growth of graphitic films on Ni as a function of temperature was also performed 206 

using Ar-H2-CH4 gas sources in a hydrogen-rich environment for a plasma excitation power of 207 

50 W and growth time of 300 s. The Raman spectra are shown in supplemental information 208 

(SI), Fig. S1. Even though the Raman spectra of these samples demonstrate a similar trend as 209 

films grown without hydrogen, the related intensity ratios of D to G bands, ID/IG, and the 210 
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FWHM of G band are slightly higher. In addition, the etching effect of hydrogen is not obvious 211 

at temperatures above 500 °C whereof the graphitic film growth mechanism is dominated by 212 

segregation and precipitation mechanism.14, 44, 45    213 

To further verify the growth of sp2 carbon in the temperature range of 200 °C to 800 °C, the 214 

composition of these films was characterized using XPS as shown in Fig. 6a. The XPS spectra 215 

of the C1s for the films grown at 200, 380 and 800 °C appear to be nearly identical, suggesting 216 

the main components of the carbon films are C=C bonded sp2 structures. However, the Raman 217 

spectra, that are more sensitive to structure than XPS, shown in Fig. 6b, indicate that while the 218 

films grown at high temperature show a very small D-band and a well-defined 2D band, the 219 

films grown at low temperature show a very high D-band and a less developed 2D-band. The 220 

microstructure of the Ni, shown in Fig. S2, may not have a large effect on the quality of the 221 

growing graphite and the Raman spectra of films grown at different temperatures are shown in 222 

the supplemental information (SI) Fig. S1 and Fig. 5.  223 

3.4. Effect of deposition plasma power  224 

Fig. 7 a shows the Raman spectra of graphite films grown for 2 hrs as a function of plasma 225 

power at a growth temperature of 380 °C under hydrogen-free conditions.  The intensities and 226 

FWHMs of the D, G and 2D peaks of graphene films, found at ~1351, ~1581 and ~2703 cm-1, 227 

respectively, degraded when the plasma power is increased from 50 to 150W. At low plasma 228 

power, below 100W, low defect density graphitic films are observed as evident from the low 229 

ratio of D to G peaks, ID/IG, of ~0.45, Fig. 7 b. This ratio increases to ~1.0 when the plasma 230 

power is increased to 150 W, implying that structural defects are induced by the effects of the 231 

plasma, probably hydrogen ion etching, and consequently, the FWHMs of G band broadens 232 

from ~37 to ~83 cm-1. The Raman behavior of graphite films grown as a function of plasma 233 

power is in agreement with the results reported by Kim et al..39 The plasma power can influence 234 

the graphite grain size by controlling the amount of the active species, in particular, the 235 

hydrogen ions generated by plasma. Increasing the plasma power can increase the graphene 236 

grain size by increasing the carbon species concentration, however, higher plasma powers can 237 

impact the graphite quality in a negative way because of hydrogen ion etching effects. In 238 

addition, Lim’s study has shown that the Ar ion density can be increased in about one order of 239 

magnitude upon increasing plasma power to 150 W.36 Therefore, as the Raman data suggests, 240 

plasma powers below 100W are more desirable for the growth of good quality graphite. The 241 

higher defects observed in graphite films deposited at 150 W could be a result of two potential 242 
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mechanisms: (1) physical damage from energetic ions, e.g Ar ion bombardment;36 (2) the 243 

etching effect caused by hydrogen ions generated by the higher plasma power. As with 244 

previous reports,26, 39 it is believed that low plasma power is preferable in PECVD synthesis of 245 

graphite films.  246 

4. Conclusions 247 

In summary, we have demonstrated the synthesis of graphite films on polycrystalline Ni 248 

surfaces by IC-PECVD at low temperature ~380 °C. The graphite films grown in this work 249 

show lower Raman ID/IG ratio, ~0.43, compared to those reported by other groups using 250 

PECVD at higher temperatures. The Raman studies suggest that graphitic nanostructures can 251 

be synthesized on Ni after only 10 s and longer growth times lead to the formation uniform and 252 

less defective graphite films with thickness of a few nanometers. Hydrogen was found to play 253 

a key role on the quality of the graphite. In the case of hydrogen-free conditions a higher total 254 

gas pressure is needed to grow graphitic films with low ID/IG ratio, while lower gas pressure is 255 

preferred to deposit graphite of similar quality under hydrogen-rich conditions. The difference 256 

between the two processes is associated with the etching effect caused by excessive hydrogen 257 

ions generated by the plasma in the case of the hydrogen-rich process in comparison to the 258 

hydrogen-free process. In addition to the graphite films obtained at 380 °C, graphitic 259 

nanostructures as determined by XPS and Raman are observed at a temperature as low as 260 

200 °C. The observation of graphitic films at such low temperature, where there is a close to 261 

zero carbon dissolubility in Ni, indicates that it is unlikely that the diffusion, segregation and 262 

precipitation growth mechanism observed at high temperature is the operating mechanism, 263 

rather the growth process proceeds by a nucleation and growth by an edge attachment process. 264 

Finally, low plasma power, about 50 W, is preferable in order to minimize the etching effect 265 

of hydrogen on the growing graphite film.  266 
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 353 

 Figure captions 354 
Fig. 1 - Schematic diagram of the inductively coupled plasma enhanced chemical vapor 355 

deposition (IC-PECVD) system used for low temperature graphite film growth. 356 

Fig. 2 - (a) Raman spectra of graphite films grown on polycrystalline Ni surfaces at growth 357 

temperature of 380 °C and a plasma power of 50 W using Ar:CH4 (70:10 sccm) gas mixture as 358 

a function of time, and corresponding (b) intensity ratios of ID/IG and I2D/IG, and (c) FWHM of 359 

G and 2D bands. 360 

Fig. 3 - (a) Raman mapping of the G peak intensity of graphite films after 300 s deposition 361 

time using Ar:CH4 (70:10 sccm) gas sources at a plasma power of 50 W and growth 362 

temperature of 380 °C; (b) HR-TEM image of the graphite film after 2hrs growth time under 363 

the same deposition conditions as (a) showing thick films up to ~40 nm. 364 
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Fig. 4 - (a) Raman spectra of graphite films grown at various plasma pressures using (a) Ar:CH4 365 

ratio of 70:10 sccm; (c) Ar:H2:CH4 ratio of 30:40:10 sccm at 380 °C and a plasma power of 366 

50W. (b) Intensity ratio of D to G bands (ID/IG), and (d) FWHM of G band for hydrogen-free 367 

and -rich conditions as a function of total gas pressure. 368 

Fig. 5 - (a) Raman spectra of graphite films grown as a function of temperature on 369 

polycrystalline Ni surface under a plasma power of 50 W for 300 s and an Ar:CH4 of 70:10 370 

sccm; (b) corresponding Raman ID/IG and I2D/IG peak intensity ratios.  371 

Fig. 6 - (a) XPS spectra of carbon 1s core level binding energy of graphite films deposited at 372 

200, 380 and 800 °C, respectively, for 300s at a plasma power of 50 W using Ar:CH4 (70:10) 373 

gas; and Raman spectra of graphite grown on Ni at (b) 200, 380 and 800 oC showing the higher 374 

D band intensity for the films grown at lower temperature. 375 

Fig. 7 - (a) Raman spectra of graphite films deposited on polycrystalline Ni surface as a 376 

function of plasma power at 380 °C for 2 hrs using Ar-CH4 gas mixture, plasma power 377 

dependent (b) intensity ratio of D to G bands and the FWHM of related G band. 378 

Fig. S1 - Temperature dependent Raman spectra of graphite films on polycrystalline Ni surface 379 

at plasma power of 50 W for 300 s using the Ar:H2:CH4(40:30:10) gas mixture, (b) 380 

corresponding intensity ratios of D and 2D to G band, (c) FWHM of G band in reference to 381 

that of samples prepared using hydrogen-free (Ar:CH4 =70:10) gas. 382 

Fig. S2 - (a-b) SEM images of graphite films grown on polycrystalline Ni surface at 200, 380, 383 

600 and 800 °C, respectively using Ar-CH4 gas sources at plasma power of 50 W for 300 s. 384 

 385 
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Fig. 1 386 

 387 

Fig. 2 388 

 389 

Fig. 3 390 
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Fig. 4 392 

 393 

Fig. 5 394 
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Fig. 6 396 

 397 

Fig. 7 398 
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