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Ar gas. A wide process parameters were explored and bilayer graphene was obtained by; 

(a) varying the growth time (50, 60, 120 s) under a constant CH4 flow-rate (23 sccm); (b) 

varying the flow rates (6, 12, 23 sccm) under a constant growth time (120 s). After the 

growth, the sample temperature was reduced within few seconds by pulling the quartz 

tube out of the hot region of the furnace. Process diagram showing the furnace 

temperature and gasses along with their flow rates are shown in Figure 2-3. 

 

Figure 2-3  Process diagram showing different stages during the CVD of grapheme on 
Ni. Note: The temperature of samples from 1000 – 0 °C during the ultra-
fast cooling is approximation and just to give the idea. 

For material characterization, Raman spectroscopy (Raman Nicolet Almega XR 

Spectrometer) was used in the point scan and the area scan mode. A 532 nm laser (10 

mW power) was used with a 0.6 µm spot size, 15 seconds scan time and 4 scans per 

point. To examine the uniformity of the synthesized graphene, the I2D/IG ratio was taken 

over an area of 200 μm × 200 μm. In each pixel of the area scan, 2.1 µm spot size was 

used with 15 s scan time, 4 scans per pixel and 10 µm step size. 
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Characterization of Bilayer Graphene 

The growth time was first varied to study the effect on the number of layers, 

uniformity and defect density of the synthesized graphene.  Raman spectra in random 

point scan mode along with the optical images of the samples with growth times 50, 60 

and 120 seconds under 23 sccm CH4 are shown in Figures 2-4, -5 and -6, respectively. 

The I2D/IG ratio is close to unity for these growth times, which confirms the synthesis of 

bilayer graphene. 
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Figure 2-4  Raman spectra in random point scan mode for the sample treated with 23 
sccm CH4 for 50 seconds. (a) Raman spectra at random points on the 
sample. The I2D/IG ratio is around 1 with large D peak intensity, (b) 
Optical image of the sample showing the points where the spectrum is 
taken. 
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Figure 2-5  Raman spectra in random point scan mode for the sample treated with 23 
sccm CH4 for 60 seconds. (a) Raman spectra at random points on the 
sample. The I2D/IG ratio is around 1 with noticeable D peak intensity, (b) 
Optical image of the sample showing the points where the spectrum is 
taken. 
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Figure 2-6  Raman spectra in random point scan mode for the sample treated with 23 
sccm CH4 for 120 seconds. (a) Raman spectra at random points on the 
sample. The I2D/IG ratio is around 1 with negligible D peak intensity, (b) 
Optical image of the sample showing the points where the spectrum is 
taken. 
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The number of layers of synthesized graphene are uniform and it is due to the 

quenching of the samples along with the tube, as reduced Ni temperature inhibits the 

precipitation of carbon on Ni surface. Furthermore, after turning the CH4 off if there is 

some residual carbon inside the furnace the fast cooling suppresses its further 

segregation. By comparing the Raman spectra of these three processes as shown in Figure 

2-7, it is observed that the intensity of the D peak decreases, as the growth time increases 

from 50 to 120 s. The ID/IG ratio is taken over 20 random locations, for each sample. The 

mean and standard deviation of ID/IG are plotted in an error bar graph shown Figure 2-8. 

The average ID/IG ratio for the sample grown under 23 sccm CH4 for 120 s is 0.1, with a 

standard deviation of 0.05, which suggests a low defect density of bilayer graphene for 

these parameters. 

 

Figure 2-7 Raman spectra for various growth times. Increasing the growth time 
decreases the D peak intensity for 23 sccm of CH4. 
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Figure 2-8  ID/IG ratio for various growth times. The average defect density decreases 
with increasing growth time. 

Afterwards, the effect of the CH4 flow rate on the synthesis was studied. Raman 

spectra of random point scan along with the optical images of the samples with growth 

time 120 s under 23, 12 and 6 sccm CH4 are shown in Figures 2-6, -9 and -10, 

respectively. It shows the bilayer graphene growth is consistent for a wide range of flow 

rates. 
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Figure 2-9  Raman spectra in random point scan mode for the sample treated with 12 
sccm CH4 for 120 seconds. (a) Raman spectra at random points on the 
sample. The I2D/IG ratio is around 1 with negligible D peak intensity, (b) 
Optical image of the sample showing the points where the spectrum is 
taken. 
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Figure 2-10  Raman spectra in random point scan mode for the sample treated with 6 
sccm CH4 for 120 seconds. (a) The I2D/IG ratio is around 1 with negligible 
D peak intensity, (b) Optical image of the sample showing the points 
where the spectrum is taken. 
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By comparing the Raman spectra of these three processes as shown in Figure 2-

11, it is observed that the defect density of bilayer graphene is small for the samples 

grown under wide CH4 flow rates for 120 s. 

 

Figure 2-11  Raman spectra for various CH4 flow rates. The D peak intensity is less for 
120 seconds growth time under varying flow rates. 

To measure the uniformity of the synthesized graphene over large area, Raman 

area maps are taken on the sample treated with 23 sccm of CH4 for 120 s. Figure 2-

12(a,d) show the I2D/IG ratio at two different locations. In each case, the I2D/IG ratio is in 

the range of 0.9 to 1.6 over 96 percent of the total 200 μm × 200μm area. This suggests 

that the bilayer graphene is grown over a larger percentage of area on polycrystalline Ni 

film [12,56,64,65]. The I2D and IG plots over these locations are shown in Figures 2-

12(b,e) and 12(c,f) respectively. These plots show a uniform intensity distribution for the 

G and D peaks which further implies the graphene sample uniformity. 

Quenching the samples from hot region of the furnace helps in reducing the non-

equilibrium precipitation of extra carbon on the Ni surfaces during the cooling process 

and the main growth mechanism is diffusion of carbon on Ni surface due to the 
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Figure 2-12  Two-dimensional Raman intensity map for bilayer graphene. (a) I2D/IG 
ratio (ratio of 2D to G peak intensities). (b) I2D (intensity of 2D peak). (c) 
IG (intensity of G peak). (d), (e) and (f) show I2D/IG, I2D and IG, 
respectively, for a different area. Bilayer graphene was grown by using 
CVD on 300 nm of evaporated Ni film under CH4/Ar (23:200 sccm) at 
1,000°C for 120 s. The total area of each view map is 200 µm × 200 µm. 

decomposed CH4. With fast cooling, the reduced samples temperature stops further 

segregation of carbon due to any residual carbon inside the furnace, even after CH4 flow 

is turned off. The thickness of the graphene is almost constant even with a wide range of 

CH4 flow rates (6 to 23 sccm), which shows that the segregation process is rather self-

limiting. Furthermore, the growth temperature is high due to high decomposition 

temperature of CH4 that supports the uniform carbon diffusion over the Ni surface. This 

helps in growing uniform and less defect density bilayer graphene. Moreover, as the 

growth time is decreased, the average intensity of the D peak increases with indicates 

incomplete growth. This further verifies the self-limiting equilibrium segregation of 

carbon on Ni surface, with reduced out-diffused carbon atoms from the C-Ni solution due 

to fast cooling. To verify the proposed growth mechanism, graphene was grown on 300 
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nm Ni films, with 23 sccm CH4 flow rated for 120 s, with cooling the samples within the 

furnace. Due to slow cooling, the precipitation of carbon on Ni surface from C-Ni 

solution is a dominant process, which leads to non-uniform graphene growth. 

Yet another way to reduce the precipitation of extra carbon is to reduce the 

thickness of Ni film, as thin Ni films would absorb less carbon and thus contribute to 

further decrease in out-diffused carbon. To characterize this effect, the growth was 

performed on 100 nm and 200 nm thick Ni films, with 23 sccm CH4 flown for 120 s. The 

Raman spectra of the synthesized graphene along with the optical images are shown in 

Figure 2-13. For 200 nm, the I2D/IG ratio is close to unity and the area uniformity is 

similar to 300 nm thick films. However, growth on 100 nm Ni film results in increased 

surface roughness. Although the I2D/IG ratio is still around unity in this process, but 

surface coverage is only 50 percent.  

In conclusion, a new method to synthesize bilayer graphene through CVD of CH4 

on polycrystalline Ni films with an ultra-fast cooling technique has been reported. The 

number of layers of graphene is uniform over a wide area with low defect density. The 

growth is consistent over a certain variation of CH4 flow rate and growth time. 
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CHAPTER 3 

SYNTHESIS AND CHARACTAERIZATION OF PYROLYTIC 

CARBON 

Introduction 

Pyrolytic carbon is an important nanomaterial due to its high chemical stability, 

and good electrical and thermal conductivities [66].  It has been used as thin electrodes in 

dynamic random access memories, metal-insulator-semiconductor capacitors, and 

electrochemical sensing applications [67-69]. It has also been employed as interlayer 

material in solid oxide fuel cells and biomedical applications [70,71]. Pyrolytic carbon is 

usually synthesized by the decomposition of hydrocarbons and their subsequent 

deposition on catalyst substrates. 

In early reports of pyrolytic carbon synthesis, Lucas and Marchand studied the 

effect of temperature (1030 – 1092 °C), pressure (150 – 400 mm Hg) and flow rate of 

methane (2.1 – 6.3 liter/h) on the synthesis of pyrolytic carbon on silica and carbon felt. 

Thin pyrolytic carbon layers were deposited on silica as compared with felt. Polarized 

light microscope showed a strong optical anisotropy and the deposited material was 

rough laminar. It was further showed that the carbon deposition increased with 

temperature and pressure, while at constant temperature and pressure, deposition 

decreased with flow rate decrease. The growth mechanism was attributed to the 

decomposition of CH4 into benzene and other hydrocarbons like acetylene, pyrene and 

flouranthene. The benzene gets deposited on the substrate to synthesize pyrolytic carbon 

[72]. Pyrolytic carbon with different anisotropies was synthesized by varying temperature 

and pressure of propene. As the temperature was increased (800 to 1200 °C) and/or the 

partial pressure of propene was decreased, the textures varied from smooth laminar – 

rough laminar – isotropic. X-ray studies was done and revealed the presence of small 

amorphous carbon peak along with sp2-hybridized carbon peak. The effect of pressure on 
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the texture of pyrolytic carbon was studied by Hu et al. by measuring the orientation 

angle from selected area electron diffraction [73]. Increasing methane pressure improved 

the texture up to intermediate value, and at the higher value of pressure the texture degree 

decreased again. The synthesis was regarded as a two-step process. First pyrolytic 

aromatic hydrocarbon as parts or elements of graphene layers was formed and then 

condensation of graphene layers was resulted due to condensation of aromatic 

hydrocarbons on the substrate. Recently, synthesis of thin conducting pyrolytic carbon 

films on SiO2 by decomposition of methane was reported. Thickness and roughness of 

the films were controlled by varying the pressure, temperature and deposition time. The 

films had low resistivity ~2×10-5 Ωm and high optical transmittance ~93%. High 

resolution electron microscopy depicted the texture was laminar with domain sizes ~ 2nm 

[66]. 

In-Plane Crystal Size  

 Besides anisotropy of pyrolytic carbon, another important material parameter for 

carbon based nanomaterials is the in-plane crystal size (La), which can be determined by 

ID/IG ratio in the Raman spectrum [74,75]. For pyrolytic carbon, there are additional 

bands which overlap with the D and G bands, thus making it complex to determine La. A 

general method to measure La of pyrolytic carbon is reported in this Chapter. The D and 

G bands are first extracted from the original Raman spectrum and then the peak 

intensities of these bands are used in a laser excitation energy dependent equation to 

calculate La. Furthermore, by taking the Raman area map over 100 μm × 100 μm area, 

the mean value and the standard deviation of La over the entire area has also been 

reported. The pyrolytic carbon film characterized has been synthesized by decomposing 

methane on a 300 nm evaporated Ni film at 1000 ˚C in a CVD furnace. Ni is being used 

due to high solubility of carbon in it, which leads to a small growth time. Moreover, the 
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precipitation of extra carbon on Ni surface can also be controlled by the ultra-fast 

substrate cooling method during CVD [76].  

Synthesis of Pyrolytic Carbon 

Si/SiO2(300 nm) was first cleaned with 10 minutes acetone, 10 minutes methanol, 

10 minutes deionized (DI) water rinse, 20 minutes nanostrip (commercial Piranha 

substitute), followed by another 10 minutes DI water rinse and nitrogen dry. 

Subsequently, 300 nm Ni was evaporated by using electron beam evaporator (Angstrom 

Engineering) in an alumina crucible. The evaporation rate was 1 Å/s, and the chamber 

pressure was < 10-7 Torr. UV ozone cleaner was used to clean the Ni surface, before 

loading it in the CVD furnace. This helps in eliminating organic contaminants, which is 

important for the purity of synthesized pyrolytic carbon film. Research grade 5.0 

(minimum purity 99.999%) process gases were used, which were supplied by Airgas. The 

sample was loaded into CVD furnace (Lindbergh/Blue, 1 inch tube diameter) at room 

temperature and heated to 700˚C in 200 sccm (standard cubic centimeter per minute) Ar 

ambient. At 700˚C, 65 sccm H2 was introduced in addition to the Ar and the sample was 

annealed for 10 minutes. The temperature was then ramped to 1000˚C in the Ar:H2 

ambient. To stabilize the growth temperature, the sample was annealed for 10 more 

minutes after reaching the 1000˚C ambient temperature. Finally, H2 was turned off and 

the pyrolytic carbon was synthesized by introducing 23 sccm CH4 into the furnace for 40 

s, in addition to the already flowing Ar gas. The sample temperature was then suddenly 

reduced by pulling the quartz tube out of the hot region of the furnace within a few 

seconds. 

Raman spectroscopy (Raman Nicolet Almega XR Spectrometer) in the point scan 

and the area scan mode was used to characterize the synthesized pyrolytic carbon films. 

532 nm laser (10 mW power), with a 0.6 µm spot size, 15 seconds scan time with 4 scans 

per point was used in the point scan mode. To examine the uniformity of the synthesized 
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pyrolytic carbon, ID/IG ratio was measured over an area of 100 μm × 100 μm in the area 

scan mode. In each pixel of the scanned area, a 2.1 µm spot size was used with 15 s scan 

time, 4 scans per pixel and 5 µm step size. 

Characterization of La of Pyrolytic Carbon 

Figure 3-1(a) shows the Raman spectrum of the synthesized pyrolytic carbon film 

in the point scan mode. The two significant peaks are centered at ~1354 and ~1584 cm-1 

with the non-zero intensity between these wavenumbers. Moreover, the 2D  

 

 

Figure 3-1  Raman spectrum in the point scan mode. (a) Raman spectrum of pyrolytic 
carbon film, (b) Deconvolution of various bands in the low wavenumber 
range, showing the D, G, Dʹ, Dʹʹ and I bands. Dashed line is the fitted 
spectrum. Various bands with their respective extracted parameters are 
reported in Table 3-1. 
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band is much broader and has smaller intensity. These characteristics in the Raman 

spectrum confirm the synthesis of pyrolytic carbon [66,77]. The Raman spectrum in the 

low wave-number range can be further de-convoluted as shown in Figure 3-1(b). Besides 

the regular D and G bands, Dʹ, Dʹʹ and I bands can be fitted to get the deconvoluted 

spectrum. Lorentzian functions are used for fitting the D, G and Dʹ bands, while Gaussian 

functions are used for fitting the Dʹʹand I bands. The extracted parameters i.e. the peak 

center, the peak intensity and the full-width at the half-maximum are reported in Table 3-

1. The G band is the first order Raman process due to in-plane vibrations of C-C atoms 

[9,11-13]. The D and Dʹ bands are the intra and inter-valley Raman processes due to the 

defects in the sp2 hybridized carbons, respectively [11,12,78]. The Dʹʹand I bands are 

considered to originate from the amorphous carbon and the sp2-sp3 bond combinations 

respectively [79,80]. 

Table 3-1  Parameters of various deconvoluted bands. 

Band Fit Type Band Center (cm- FWHM (cm-1) 

I Gaussianan 1295.00 387.33 

D Lorentzian 1353.99 89.64 

Dʹʹ Gaussian 1513.76 159.43 

G Lorentzian 1584.00 75.52 

Dʹ Lorentzian 1610.00 57.85 

 

The Raman intensity area maps for the peaks at ~1354 cm-1 and ~1584 cm-1 

wavenumbers are shown in Figure 3-2(a,b), respectively. The Raman spectrum at each 

point is deconvolved and the G and D bands are extracted. The area maps of the extracted 

D and G peak intensities (ID, IG) are shown in Figure 3-2(c,d), respectively. The ratio of  
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Figure 3-2 Two-dimensional Raman intensity maps. The peaks in the original 
spectrum are observed at, (a) ~1354 cm-1 and (b) ~1584 cm-1 
wavenumbers. The intensity maps of the extracted (c) D peak and (d) G 
peak from the deconvoluted spectra. The pixel size is 5 μm × 5 μm with 
the scanned area of 100 μm × 100 μm. 

D to G peak intensities was plotted by using the extracted D and G peaks, as shown in 

Figure 3-3. By using this ratio and the energy or wavelength of the excitation laser, La for 

pyrolytic carbon is given as [9,75]: 

 

where E୪ୟୱୣ୰ and λ୪ୟୱୣ୰ are the laser excitation energy (in eV) and wavelength (in nm), 

respectively. For a wavelength of 532 nm used in this study, the pre-factor is 19.2. In this 

context, commonly used value of 4.4 as the pre-factor [74] may not be valid in general. 

Using the above equation and putting ID/IG ratio as shown in Figure 3-6, the mean value 
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of La over the scanned area is about 22.9 nm, with a standard deviation of 2.4 nm. This 

uniformity in La is due to the ultra-fast cooling of the sample – a method that also has 

also been used for bilayer graphene synthesis [76]. Although a detailed understanding is 

yet to be developed, such a cooling method seems to control the segregation of carbon on 

Ni surface rather well, enhancing the film uniformity. 

 

Figure 3-3  Two-dimensional plot of extracted ID/IG ratio of Raman spectra. The pixel 
size is 5 μm × 5 μm with the scanned area of 100 μm × 100 μm. 

In summary, a method to calculate La of pyrolytic carbon films by using Raman 

spectroscopy has been elucidated. After extracting the D and G bands by deconvolving 

the original Raman spectrum, their peak intensities are used in a laser excitation energy 

dependent equation to calculate the La. From the Raman area map taken over 100 μm × 

100 μm area, the La statistics has been reported– namely the mean value and the standard 

deviation. The synthesized pyrolytic carbon film has small standard deviation in La, due 

to ultra-fast substrate cooling. Furthermore, this method to calculate La can be used for 

any other carbon nanomaterial, in which additional bands overlap the D and G bands. 
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CHAPTER 4 

MOLECULAR MEMORY BASED ON CARBON NANOMATERIALS 

Introduction 

Two terminal memories have been anticipated to replace the conventional non-

volatile memories, due to their simple fabrication, low cost, high endurance, and low 

power consumption [81-83]. Compared to the three terminal memories, the structure of 

the two terminal memories are much simpler, possessing a switching material 

sandwiched between the two metal electrodes. Furthermore, the read/write architecture of 

the two terminal memories consists of the simple cross-bar metal electrodes, as compared 

to complex integrated circuit assembly of solid-state drives [84-86]. The device is either 

in the high-resistance state, or in the low-resistance state, depending on the conductivity 

of the sandwiched material. The two main classifications of the two terminal memories 

that depend on the reproducibility of I-V characteristics are: read-write-erase-rewritable 

memory and write-once-read-many (WORM) memory [87]. WORM memories have 

gained recent attention due to their potential use in the radio frequency identification tags, 

smart cards, data depositories and permanent data storage [88]. WORM memories with 

different switching materials e.g. hybrid organic/inorganic mixture, metal nanoparticles 

capped with surrounding conjugate compounds, fullerene mixed with aromatic polymers, 

graphene oxide and so on has been demonstrated [81,82,89-91]. The switching 

mechanism has been attributed to the filament formation, electromigration, thermal 

activation etc. [81-91]. 

Although filament formation and electromigration has been used as a source of 

switching in bistable memory devices, but numerous efforts have also been spent on 

diminishing this effect in electronic devices. In studying the novel nanomaterials, the 

change in conductivity due to the filament formation may be mixed with the material 

switching, causing ambiguities in predicting the conductivity of novel material. Thus, 
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reliable and efficient contacts are therefore an important aspect of device design at the 

nanoscale. Historically, the contacts in the micron-scale devices have only been part of 

the overall device design for minimizing the contact resistance based on Schottky barrier 

height [92-94]. At the nanoscale, however, the influence of contacts on the transport 

channel is so important that an equal or often times even more effort is spent on the 

contact and interface design [95,96]. In various nanoscale devices, the contacts even 

dominate the transport characteristics [97,98]. While various novel contacts exist at the 

nanoscale with unique density of states, the simplest ones are the Ohmic contacts used to 

inject and extract the charge carriers. Mostly metals have been used as such contacts. 

However, in addition to the atomic roughness and grain boundaries, such contacts suffer 

from electromigration or filament formation, which may deteriorate the device 

characteristics and lead to reliability issues [99]. One of the grand challenges thus for the 

nanoscale design is to provide smooth and reliable contact to nanomaterials, being free 

from electromigration and any other non-ideal effects. In this chapter, the objective is to 

explore graphene nanomembranes as a candidate for such contacts [9,100]. The use of 

graphene and boron nitride has been explored earlier for ultrathin circuitry [101].  

Graphene Contacts to Inhibit Electromigration 

In this chapter, a two-terminal memory with bilayer graphene as an atomically-

smooth contact has been fabricated. Although various device structures based on 

graphene have already been explored [33], but this structure is unique in the context of its 

use to improve reliability. The device schematic of the memory with bilayer graphene 

contact is shown in Figure 4-1(a). Bilayer graphene was synthesized on a 300 nm 

evaporated Ni film by CVD. This layer prevents the electromigration of Ni atoms into the 

active material of the device. Furthermore, the use of bilayer graphene instead of 

monolayer or several-layer graphene is twofold. As compared to the monolayer, the 

probability of complete coverage with bilayer graphene is higher in the presence of 
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defects and secondly, with increasing the number of layers, the transport properties of the 

device may be dominated by the multilayer graphene itself. Thus, bilayer graphene tends 

to provide an optimum solution. After bilayer graphene synthesis, a 100 nm C60 film was 

thermally evaporated, followed by the evaporation of 5 nm Silicon dioxide (SiO2) by 

electron-beam. SiO2 film serves as the protective layer for the subsequent high-

temperature metal evaporation. Finally, 90 nm thick top Cr electrode was deposited by 

using a shadow mask in an electron-beam evaporator. A control sample without bilayer 

graphene was also fabricated to investigate the effect of graphene, as shown in Figure 4-

1(b). 

Device Fabrication 

Bilayer graphene was synthesized on a 300 nm Ni film deposited on a 300 nm 

thermally grown oxide on Si substrate, using the recipe stated in Chapter 2. After bilayer 

graphene growth, 100 nm C60 film was deposited by using thermal evaporator (Edwards 

Coating System E306A) at 1Å/s rate under < 7×10-7 Torr chamber pressure. The 

commercial C60 powder was supplied by M.E.R Corporation. Raman spectroscopy was 

used to confirm the quality of evaporated C60. Laser power of 2 mW with 5 s scan time 

and 4 scans per point was used to avoid sample heating. Next, the sample was loaded in 

the electron-beam evaporator, and 5 nm SiO2 was evaporated, followed by 90 nm of Cr 

by using a shadow mask. The evaporation rates of SiO2 and Cr were 0.2 Å/s and 1 Å/s, 

respectively, and the chamber pressure was < 1×10-7 Torr.  

For the transport characterization, a pulse ramp with 10 ms ON time and 50 mV 

step voltage was applied by using Keithley 236 source-measure units. For endurance 

characteristics, a 0.4 V pulse with 10 ms duration and 0.1% duty cycle was applied. 

A detailed characterization of the synthesized bilayer graphene has been reported 

Chapter 2. The Raman spectrum of evaporated C60 film on bilayer graphene is shown in 

Figure 4-1(c). The dominant peaks are at 491 cm-1, 1464 cm-1 and 1596 cm-1 
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wavenumbers, which confirms the coherence of C60 molecular structure even after 

thermal evaporation [102,103]. 

 

Figure 4-1  Device schematics and characterization. (a) Molecular memory with 
atomically-smooth bilayer graphene sandwiched between 300 nm Ni and 
100 nm C60 films, (b) Control device without the bilayer graphene, (c) 
Raman spectrum of evaporated C60 film on the bilayer graphene. 

Electrical Characterization 

In Figure 4-2, the transport characteristics in the first and second sweep cycles for 

the device with BLG contact are shown. The device starts in the low-resistance state and 

the voltage is increased in the forward direction till it irreversibly switches to high 

resistance state at about 0.9 V, as shown in Figure 4-2(a). After switching, the device 

withstands its high-resistance state, thus exhibiting hysteresis in the remaining cycle.  We 

rule out the possibility of conductive filament formation (CFF) due to electromigration, 

since graphene has a breaking strength value of ~42 N/m and is impermeable even to 

helium atoms [7,8]. Moreover, in the CFF, current increases after switching, whereas 

opposite behavior is observed here. Apart from this, we find that the switching voltages 
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for various devices lie in the 0.8 – 1.2 V bias range. This variation may be due to the 

amorphous and heterogeneous nature of the evaporated SiO2 film [104]. 

 

Figure 4-2  Transport characteristics in first and second sweep cycles. (a) During the 
first sweep cycle, the voltage is swept in the forward direction till it 
switches to high-resistance state. During the reverse sweep, the device 
remains in the high-resistance, and shows hysteresis. (b) The device 
remains in the high- resistance state during the second sweep cycle and no 
hysteresis or switching is observed. 

The switching behavior for the second sweep cycle is shown in Figure 4-2(b). The 

device remains in the high-resistance state without any hysteresis behavior. In the 
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subsequent sweep cycles, the device sustains its high-resistance state, thus making it a 

WORM memory. 

 

 

Figure 4-3  Retention characteristics. The memory device shows a stable low-
resistance state with a 0.4 V read voltage pulse of 10 ms duration for 103 s. 
After switching to the high-resistance state by applying a 1.05 V write 
pulse of 10 ms duration, stable current is observed again. The dashed line 
is the interpolation to 104 s. 

The retention characteristics of the device are shown in Figure 4-3. The device is 

read by using a voltage pulse train of 0.4 V bias with 10 ms duration and 0.1% duty 

cycle. The mean value of current in the low-resistance state is 2.041 mA with a standard 

deviation of 0.973×10-3. The device is then switched to the high-resistance state by 

applying a program voltage pulse of 1.2 V bias with 10 ms duration. The mean value of 

current is 89.29 µA with the standard deviation of 0.155. The current ratio of low-

resistance to high-resistance state in this device is about 22.85 (which varied in 20-40 

range for various devices). Besides the high retention time, the device also shows good 

endurance when continuous reading cycles with small pulse duration is applied. The 
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retention characteristics are extrapolated to 104 s, and a stable behavior is foreseen in 

both states of the device. 

In Figure 4-4, the transport characteristics of the control sample without the 

bilayer graphene contact are shown. The device shows random switching and 

irreproducible hysteresis. It is observed that the current in this device is much higher as 

compared to the one with the bilayer graphene contact. Moreover, the current variation 

from device to device in the control sample is also considerable. This irregular behavior 

in the control sample may be due to the atomically rough interface between Ni and C60, 

as well as the electromigration of Ni atoms across C60/Ni interface. 

 

Figure 4-4  Transport characteristics of the control device without the bilayer 
graphene. The voltage is first swept in the positive cycle, then by a 
negative sweep cycle. A random switching with irreproducible hysteresis 
is observed. 

The switching mechanism in the reported WORM memory device with the 

bilayer graphene contact is not clearly understood yet, but covering Ni film with bilayer 

graphene prevents the electromigration of Ni atoms into C60 film, thus stabilizing the 
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device behavior. The transport characteristics do not show ohmic or space-charge-limited 

conduction. Similar devices using C60 molecules have been reported to have rewritable 

switching characteristics - quite different observation from this device [82, 015]. 

Moreover, multilayer graphene electrodes used in devices with PI:PCBM composite as 

active material have also been recently reported to have WORM memory behavior, 

whereas with the metallic electrodes rewritable switching characteristics has been 

reported [42]. Although the channel materials are different in the two experiments, the 

connection between the use of graphene and WORM features is noteworthy and needs to 

be explored further. Carbon nanotube based contact have also been explored to eliminate 

electromigration [106], however, we believe graphene nanomembrane provides a better 

interface due to its 2D nature. 

In conclusion, a molecular memory device with atomically-smooth bilayer 

graphene contacts has been fabricated. Covering Ni film with bilayer graphene shields 

the channel from metal surface irregularities and also prevents the electromigration of Ni 

atoms into the C60 film. The device switches from a low-resistance to a high-resistance 

state, followed by hysteresis in the first sweep cycle. In the subsequent sweep cycles, the 

device remains in the high-resistance state and no hysteresis is observed, thus showing 

WORM memory behavior. The switching voltages vary in 0.8 – 1.2 V bias range for 

various devices with the high-resistance to low-resistance ratio vary in 20-40 range. The 

retention characteristics show good endurance under both low-resistance and high-

resistance states up to 104 s. 
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CHAPTER 5  

OUTLOOK 

In this work, a method to synthesize uniform and low-defect bilayer graphene by 

atmospheric pressure CVD on Ni films has been established. Graphene synthesis on Ni is 

a combination of surface segregation and precipitation, which makes uniform growth a 

challenge. Ultra-fast cooling was employed to control the precipitation of extra carbon on 

Ni surface, thus resulting in uniformity of synthesized graphene. Raman spectroscopy 

revealed that the bilayer graphene was grown over a wide range of CH4 flow rates and 

growth times. Therefore, the method is also reliable under small fluctuations related to 

equipment [72]. 

Furthermore, synthesis of pyrolytic carbon and determination of its La by using 

Raman spectroscopy was reported. Pyrolytic carbon was synthesized by CVD on Ni 

films. Due to high solubility of carbon in Ni, this leaded to small growth time, as 

compared to the growth time on typically used SiO2. Furthermore, a method to calculate 

the La by using Raman spectroscopy was elucidated. The Raman spectrum was 

deconvolved in the low-wavenumber region and G and D bands were extracted to 

calculate the La by using a commonly acknowledged equation. This technique would 

provide further validation in the characterization of pyrolytic carbon films along with 

transmission electron microscopy and polarized light microscope [107]. 

Moreover, a molecular memory with atomically-smooth bilayer graphene contacts 

was fabricated. Graphene was used as a contact due to its high conductivity, high 

breaking strength and impermeability. Graphene provided WORM memory behavior and 

stopped the electromigration of Ni atoms into the active material of the device. The 

devices showed good retention and endurance characteristics. The control devices 

showed irregular switching and hysteresis, due to electromigration of Ni atoms into C60. 
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Thus graphene not only provided WORM behavior, but also served to improve the 

reliability of device [108].  

We envision the use of ultra-smooth graphene contacts for nanoscale devices and 

organic electronics, providing reliable and efficient operation without electromigration.  

Moreover, graphene, pyrolytic carbon and C60 also have potential to be used as charge 

storage nodes in memory devices. Flash memories based on Si with C60 as charge storage 

nodes have been reported to have good memory window and retention characteristics 

[109]. Flash memories based on either pyrolytic carbon, graphene, or C60 as storage 

nodes with carbon nanotube as channel are expected to give more control over the 

conduction due to minimal percolation paths and high electric field resulting from 1D 

nature of channel. A schematics of such a device with C60 as storage node is shown in 

Figure 5-1.  

 

Figure 5-1 CNT flash memory with C60 as charge storage nodes. 
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APPENDIX A 

RAMAN SPECTROSCOPY OF GRAPHENE RELATED SYSTEMS 

Different techniques have been used to characterize graphene related systems. 

The physical morphology has been acquired by using electron microscopy [20,21], but it 

may be destructive to the sample. Atomic force microscopy has been used to characterize 

the number of layers of graphene [21,26], but the interlayer distance between graphene 

sheets is close to its working limit and the technique is also time consuming. Optical 

microscopy of graphene on SiO2 was the first method to visualize graphene [17,81], but it 

is not accurate for consistent characterization. Raman spectroscopy has been historically 

used to characterize the carbon allotropes and is a non-destructive technique. Since the 

discovery of graphene, it is the most widely used technique for its characterization. 

Different features e.g. defect density, number of layers, doping, strain etc. can be 

determined from Raman spectrum. 

Introduction to Raman Spectroscopy 

The scattering of light from a material depends on its electrical and vibrational 

properties. Thus, it can be used to characterize different materials having unique 

properties. If the scattered light has the same energy (wavelength or frequency) as the 

incident light, the process is elastic and is called Rayleigh scattering. On the contrary, if 

scattered light has different energy, the process is inelastic and is called Raman scattering 

[9,11]. When the energy of the scattered light is smaller (greater) than the incident light, 

quantized excitation has been created (annihilated) and the process is called Stokes (anti-

Stokes) process, as shown in Figure A-1. Raman spectrum is a plot between intensity and 

frequency of the scattered photon. 

As can be seen from Figure A-1, the energy of the system is conserved in a 

Raman process. Moreover, momentum of the system should also be conserved. The light 

used in a Raman scattering process is typically visible or near infrared. In this range, the 
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Figure A-1 Schematics of the Raman spectrum. (a) Elastic (Rayleight) and inelastic 
(Raman) scattering of photons, (b) Raman spectrum is a plot between 
scattered photon intensity and frequency. 

wavevector of light is much smaller than the Brillouin zone boundaries. Thus quantum 

excitation has almost zero momentum, which corresponds to nearly vertical transition in 

the electron energy dispersion. 

The order of the Raman scattering is the number of scattering events involved a 

Raman process. Thus for the first-order process, due to momentum conservation 

requirement, phonons with q ~0 would be allowed. In a higher-order Raman process, the 

photo-excited electron at stake k can be scattered to k + q and can go back to its original 

position at k after the second scattering event by a phonon with a wavevector –q. Thus 

the two phonons have their wavevector in opposite direction i.e. q + (–q) → 0, and the 

momentum is conserved. A quantum description of first and second-order Raman 

scattering processes is shown in Figure A-2 [11]. 
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Figure A-2  Order of Raman scattering. (a1) One-phonon first-order, (b1) One-phonon 
second-order, and (c1) two-phonon second-order incident resonance 
Raman processes. (a2), (b2), (c2) are scattered resonance with the same 
order and phonon-emission. [11] 

Raman Spectroscopy of Graphene 

Understanding the phonon dispersion of graphene is important to understand the 

Raman spectrum. As graphene has two carbon atoms per unit cell, thus six branches in 

phonon dispersion relation are obtained as shown in Figure A-3. Three of the six phonon 

modes are acoustic (A) and the other three are optic (O) phonon modes. For the three 

acoustic and three optic phonon modes, one is an out-of-plane (oT) phonon mode and the 

other two are in-plane modes, one longitudinal (L) and the other one transverse (iTO). As 

a result, starting from the highest energy at the G point, the six phonon dispersion curves 

are assigned to LO, iTO, oTO, LA, iTA, and oTA phonon modes. Group theory tells us 

that the degenerate LO and iTO phonon mode (E2g symmetry) are Raman active, while 

the oTO phonon mode is infrared active [11]. The Raman active modes give rise to 

different peak in the spectrum, as discussed in the following sections. 
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Figure A-3  Phonon dispersion of monolayer graphene [11]. 

G Band 

Single layer graphene satisfies the symmetry operations of D6h point group. The 

phonons with wavevector q~0 (Γ-point) belongs to E2g and B2g irreducible representation. 

The E2g is a Raman active mode because the polarization of light can be transformed as 

Cartesian coordinates [11]. The atomic displacements of E2g at Γ in the single-layer 

graphene as shown in Figure A-4, are in-plane transverse optical (iTO) and longitudinal 

optic (LO) phonons [110]. The frequency of these vibrations is ~1580 cm-1 and is termed 

as G band is the Raman spectrum of graphene related systems. 

G band is sensitive to the number of graphene layers and its intensity increases in 

almost linear relation with the number of layers. Intuitively, this can be thought of as 

more optical phonons are created at Γ-point due increased layers, thus intensifying the 

peak. Moreover, this band shifts towards the lower energy as the number of layers 

increase, but it is not an accurate method to characterize graphene layers [111]. 
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Figure A-4  Schematics of vibrations of iTO and LO modes in the monolayer graphene 
at center of brillouin zone, Γ [110].  

The peak position and FWHM of G band is also sensitive to doping. Stephene et 

al. showed the difference in the intensity and FWHM of G band of monolayer graphene 

suspended and supported on SiO2. The area map of intensity and FWHM of G peak 

intensity of supported graphene showed variations, which was attributed to the 

inhomogeneity due to SiO2 [112]. On the contrary, the area map of suspended graphene 

was uniform with the G peak intensity close to the single crystal graphene and the 

FWHM close to charge neutral graphene. It has also been reported that the doping level 

can be measured from the frequency shift of the G band, provided density is greater than 

6 × 1012 cm-2 [111]. 

The frequency of the G band also shifts with the strain, due to the change in the 

electronic structure. The effect of uniaxial strain was studied by transferring graphene to 

flexible substrate and the Raman spectrum was taken under various strain conditions. It 

was observed that redshift in the G band occurs under increased uniaxial strain [111,112]. 
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D Band 

The D band is due to disorders in the graphene lattice and is associated with the 

iTo branch near the K-point [11]. It is due to the single-photon double-resonance inter-

valley Raman process, as shown in Figure A-5 (a). The defects can cause elastic 

scattering of electron which breaks q ~ 0 requirement for photons. The second-order 

process can be explained in four steps: i) The incident photon excites the electron and 

moves it to a high energy state, ii) the excited electron gets scattered to a state k – q with 

a phonon emission with wavevector q, iii) if there is a defect in the structure the 

momentum of electron can be changed back to k, and 4) the electron radiates photon by 

coming back to its normal state [11]. The atomic vibrations at K due to this mode, having 

vibrational frequency ~1350 cm-1, is shown in Figure A-5 (b). If the second-order process 

is intra-valley, the vibration at ~1620 cm-1 occurs and is termed as Dʹ band, as shown in 

Figure A-5 (c) [9,11]. The intensity of Dʹ-band is much lesser than D band and is not 

usually observed in less defective graphene. Therefore, it is not usually considered for 

characterization. 

 

Figure A-5 Origin of D and Dʹ-band in Raman spectrum. (a) One-phone second -order 
inter-valley process showing the elastic scattering due to defect and thus 
reason behind D band [11], (b) Motion of atoms at K in the Brillouin zone 
due to defects [110], (c) One-phone second -order intra-valley process, the 
origin of Dʹ band [11]. 
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The D band is dispersive and its peak shifts with the laser energy. A schematics of 

the basic idea behind the dispersive nature is shown in Figure A-6. With the change of 

laser energy, the wavevector of the phonon created would change, which results into the 

peak shift [9,11]. With the increased laser energy a blue shift in the spectrum is observed, 

as expected. 

 

Figure A-6  The origin behind the dispersive nature of second-order Raman processes.  
the increase in the laser energy (E1 > E2), the energy of the phonon 
decreases thus causing a red shift in the Raman spectrum [11]. 

As graphene is a 2D material, therefore both 0-D and 1-D defects can occur in the 

lattice structure. 0-D defects are the missing atoms or impurities in the lattice. To study 

the effect of 0-D defect, Ar+ ions were bombarded on monolayer graphene, and scanning 

tunneling microscopy and Raman spectroscopy were correlated. The inter-defect distance 

LD was measured from STM and Raman spectroscopy simultaneously. The Raman 

spectra of monolayer graphene bombarded with Ar+ ions with different doses are shown 

in Figure A-7. With 103 Ar+/cm2, the G peak started to disappear showing the material 

was losing its signature of graphene. At 104 Ar+/cm2 the D peak also decreased, 

predicting the hexagonal structure was not present, which was later confirmed with STM 

[9,11]. The LD and ID/IG was measure by STM and Raman respectively, and correlated as 

shown in Figure A-8. 
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Figure A-7  Evolution of G and D-bands of a monolaye graphene on SiO2, when 
subject to Ar+ ion bombardment. The ion doses are from 1011 to 1014 
Ar+/cm2 from bottom to top spectra [11]. 

 

Figure A-8  Correlation between the ratio of peak intensities of D to G band and inter-
defect distance calculated from X-Ray diffraction [11]. 
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1-D defects are due to crystalline boundaries and edges in the graphene lattice. 

Tunistra and Koening measured the in-plane crystal size (La) by X-ray diffraction and 

correlated it to the Raman spectrum. The ID/IG ratio was reported to be inversely 

proportional to La. A comprehensive study to develop the relation between ID/IG and La 

which was independent of the laser energy was performed by Cancado et al. [80]. The 

Raman spectra of sample with different La, measured from X-ray diffraction peaks, were 

taken for five different laser energy values, as shown in Figure A-9(a,b). The ID/IG was 

plotted versus 1/La, corresponding to different energies and all the curves collapsed when 

ID/IG axis was scaled by Elaser
4, as shown in Figure A-9 (c,d). 

 

Figure A-9  Effects of first order defects in Raman spectrum of graphene. (a) Raman 
spectrum of a nanographite heated at 2000 ˚C for five different laser 
energies, (b) Raman spectrum of nanographite samples with different in-
plane crystal sizes taken with 523 nm laser, (c) The ratio of intensities of 
D to G band is plotted versus 1/La measure from X-Ray diffraction, (b) All 
curve in (c) collapsed by scaling axis by Elaser4 [11]. 
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2D Band 

The 2D band is also a second-order band similar to D band, but involves creation 

of two-phonons with opposite wave vector, to satisfy condition q~0. Therefore it is 

independent of the defects and occurs at ~2700 cm-1, double the frequency of D band; the 

reason behind naming it 2D band. The double resonance process for two-phonon Raman 

scattering is shown in Figure A-10. 

 

Figure A-10  Second-order two phonon Raman processes, The origin of 2D band. (a) 
and (b) shows the double resonant and fully resonant processes [11]. 

The 2D band is also dispersive in nature due to the reasons discussed earlier. The 

intensity, shape and FWHM of the 2D band are sensitive to the number of layers of 

graphene [9,11]. The Raman spectra showing the dispersion of 2D band taken under 

various laser energies is shown in Figure A-11. It has also been reported that the 2D band 

experiences red (blue) shift with the electron (hole) doping [111]. The FWHM of the 2D 

band also exhibits broadened FWHM at the doped region. The effect of strain on the 2D 

band has also been studied. Red shift in the peak of 2D band occurs under strained 

conditions. As the strain increases, C-C bond elongates which results in weakening the 
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bond-energy and lowers the vibration frequencies. This results in shifting the peak 

intensities to lower wavenumber [11,111]. 

 

Figure A-11  The evolution of 2D peak with the variation in laser energy. (a) Red shift 
in the Raman spectrum is observed with the decreases laser energy, (b) 
Plot of laser energy versus peak-shift taken from part (a) [11]. 
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APPENDIX B 

HOME-MADE CHEMICAL VAPOR DEPOSITION 

The synthesis carried out in this work was done in a home-made CVD setup. The 

setup along with the cylinders is shown in Figure B-1. Lindberg/Blue Model Number 

with 1inch diameter quartz tube is used. In order to ensure purity, all the fittings and the 

piping in the setup are made of polyvinyl chloride. Moreover, process gasses research 

grade 5.0 (99.999% purity) were used. The temperature ramp rates from 0 – 700 ˚C and 

700 – 1000 ˚C were ~50 ˚C/minute and ~25 ˚C, respectively. 

  

Figure B-1 Home-made chemical vapor depostion furnace for the growth of graphene 
and pyrolytic carbon.  
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APPENDIX C 

SAMPLE PREPARATION FOR CVD 

Si wafers (3 inch diameter) with 300 nm thermally grown SiO2 were used as substrate for 

Ni films. The wafer was first scribed into strips 0.8 inch wide strips. Before the 

evaporation of 300 nm Ni, the wafers were cleaned to ensure better adhesion of Ni film 

and impurity-free synthesis of bilayer graphene and pyrolytic carbon. Following cleaning 

steps were carried out:  

 Acetone dip: 10 minutes 

 Methanol dip: 10 minutes 

 DI water rinse: 10 minutes 

 N2 dry 

 Nanostrip (Commercial Piranha substitute) dip: 20 minutes  

 DI Water rinse: 10 minutes 

 N2 dry 

To evaporate Ni, Angstrom Engineering electron-beam evaporator was used. The 

samples were loaded in the chamber and to create ultra-high vacuum (UHV), first rough 

pump was turned on to create vacuum ~5 ×10-2 Torr. Afterwards, cryogenic pump 

overtook to create UHV. The gasses in the chamber were purged by cryogenic pump 

cooled with liquid N2. The evaporation was started after <1 ×10-7 Torr was achieved. Ni 

pallets in the chamber placed in Alumina crucible (both purchased from International 

Advanced Materials) were evaporated with the following parameters: 

 Electron-beam accelerating voltage: 8.7 kV 

 Electron-beam current: 2.07 A 

 Power ramp-up rate: 1%/minute 

 Evaporation Rate: 0 .1 Å/s 
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After evaporation was completed, the samples were left in the furnace for at least 30 

minutes, before bringing to atmospheric temperature and pressure. Before loading the 

samples into the CVD furnace, cleaning in ultra-violet ozone (UVO) environment for 2 

minutes was done to remove any organic contaminants on the sample during its removal 

from electron-beam evaporator. 
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