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1. Introduction 

Electronic phenomena in nanoscale structures have generated new challenges and opportunities 
for enabling new technologies never before realized.  Recently, graphene has emerged as a novel 
material, especially for electronics, that could lead to devices in the quantum domain at room 
temperature (1–5).  More generally, graphene represents a conceptually new class of materials 
that are only one atom thick (equivalent to 0.36 nm for graphene) (6), and which thus exhibit 
startlingly different phenomena from their traditional three-dimensional (3-D) analogs and 
potentially offer unexplored capabilities for novel electronic devices and applications.  Graphene 
is the name given to a flat monolayer of carbon atoms tightly packed into a two-dimensional 
(2-D) honeycomb lattice, first isolated in 2004, and illustrated schematically in figure 1.  It is the 
basic building block for graphitic materials of all other dimensionalities and can be wrapped up 
into zero-dimensional (0-D) fullerenes, rolled into one-dimensional (1-D) nanotubes, or stacked 
into 3-D graphite. 

 
Figure 1.  Graphene is a 2-D building material for graphitic materials of all other dimensionalities. It can be 

wrapped up into 0-D buckyballs, rolled into 1-D nanotubes, or stacked into 3-D graphite (1). 
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Graphene possesses a high electron and hole mobility with values shown as high as 
200,000 cm2/V-s (7), a high thermal conductivity of ~5 x 103 W/m-K (8), temperature stability to 
at least 2300 °C (but only ~500 °C in air [9]), extremely high tensile strength measured to be 
1 TPa (10), quintessential flexibility, stretchability to 20% (11), a high breakdown current 
density exceeding 108 A/cm2 (12), and superior radiation hardness (13).  All of these qualities are 
desired in electronic materials.  In addition to these advantageous characteristics, graphene also 
possesses very unique ambipolar properties (capable of conducting electrons when biased in one 
direction and holes when biased in the other direction) that open up a whole new class of 
electronic devices. 

Graphene lacks a bandgap in its energy band diagram, and therefore, exhibits metallic 
conductivity even at the limit of nominally zero carrier concentration.  At the same time, most 
electronic applications rely on the presence of a gap between the valence and conduction bands.  
Several routes have been reported to induce and control such a gap in graphene.  Some examples 
include using the effect of confined geometries such as quantum dots or nanoribbons, doping the 
edge states or the bulk of the graphene, applying a transverse electric field to a bilayer of 
graphene (14), and exploiting the proximity effects from an adjacent substrate or insulator layer.  
Current research shows that graphene’s atomic interaction with an epitaxial silicon carbide (SiC) 
substrate can induce a splitting of up to 0.3 eV between the maximum of the valence and 
minimum of the conduction bands at the Dirac point (15). 

We at the U.S. Army Research Laboratory (ARL) are harnessing the electronic properties of this 
newly discovered material, and finding ways to develop and exploit a new generation of 
electronic and sensor devices for Army-specific applications.  While many in the field are 
exfoliating micron-sized sections of graphene from chunks of graphite to study its fundamental 
physics or for measurements of unipolar complementary metal-oxide-semiconductor (CMOS)-
like devices to extend Moore’s Law, our approach is to synthesize graphene using a 
manufacturable process, i.e., by chemical vapor deposition (CVD), and study a new class of 
graphene devices and circuits that harness the unique ambipolar properties of graphene.  Such 
ambipolar devices and circuits hold the promise of more efficient and smaller analog circuits, 
increased frequency ranges, lower power consumption, and higher data transmission speeds, all 
in a transparent/invisible/durable/flexible form factor.  This latter attribute could lead to wearable 
electronics woven into a Soldier’s uniform (so-called electronic textiles or “e-textiles”), for 
instance, for wireless communications or to sense health and medical condition.  Medical sensors 
using graphene-based e-textiles, in turn, could be used to wirelessly transmit information to a 
central command node, trigger automated drug delivery (e.g., insulin), or be incorporated within 
“smart bandages,” which could accelerate healing of wounds.  Many of the military advantages 
listed above could be also transitioned to civilian and commercial usages, which could make a 
large impact on the day-to-day world in which we live. 

Further, as more sophisticated electronics are deployed to the battlefield, energy requirements 
become a greater burden on the Soldier.  Exploiting the unique properties of graphene, we are 
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pursuing two avenues for solutions.  First, as we have said, we are developing a new class of 
graphene-based nanoelectronic technology that would potentially replace larger, heavier, and 
power-hungry components in communications systems and portable electronics.  Second, we are 
developing a new type of energy storage device called a supercapacitor, which uses graphene or 
carbon nanotubes (CNTs) and an electrolyte to produce ~100 times the specific power of 
batteries and fuel cells.  Supercapacitors are capable of millions of charge/discharge cycles, rapid 
charge and discharge times, and high efficiencies.  This research, in collaboration with 
Communications-Electronics Research Development and Engineering Center (CERDEC), aims 
to create a printable capacitor monolithically integrated with printable electronics to produce 
power for integrated electronic and sensor circuits. 

In this first year of research under the ARL Director’s Strategic Initiative (DSI) program, we 
focused on developing in-house capabilities and infrastructures for producing electronic-grade 
graphene, characterizing its properties by a number of metrology tools, fabricating graphene test 
structures and graphene field-effect transistors (GFETs) incorporating a large variety of 
dielectric materials, testing these electronic structures and devices at direct current (DC) to radio 
frequency (RF) frequencies, exploring the use of graphene in supercapacitor devices for energy 
storage, and initiating efforts to model and simulate graphene device performance.  Accordingly, 
the rest of this report is divided into the following sections:   

• Section1: Introduction 

• Section 2: Graphene Growth  

• Section 3: Characterization 

• Section 4: RF Top-gated CVD Field-effect Transistors (FETs) 

• Section 5: Carbon Nanotube/Graphene Supercapacitors 

• Section 6: Simulation and Modeling 

• Section 7: Conclusions 

1.1 Collaboration 

We have established Cooperative Agreement with two universities that were executing strong 
programs on graphene and that had established capabilities and directions that were well aligned 
with our own goals.  The first is the Massachusetts Institute of Technology (MIT)―Profs. 
Palacios (16, 17), Kong (18, 19), Jarillo-Herrero (20, 21), and Dresselhaus (22)―with significant 
progress in graphene-based ambipolar devices and circuits, as well as graphene growth by CVD 
and the production of suitable starting structures for device fabrication.  The second is Rice 
University―Prof. Ajayan (23)―who has made exciting progress on some key building blocks 
for high performance graphene electronics, such as the co-synthesis of graphene with boron 
nitride (BN) (another purely 2-D monolayer and an excellent dielectric material for advanced 
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GFET devices) and the discovery of how to make graphene repetitively reconfigurable between 
semiconducting and insulating states.  Collaborative arrangements have been established with 
both of these institutions to enhance our efforts, and these are reflected in the report.  We are also 
working successfully with University of Texas, Austin, under Army Research Office (ARO)-
funded 2-D materials and Stanford University using the ARL-funded Army High Performance 
Computing Research Center program.  Collaboration with the Stevens Institute of Technology 
has also been established using an ARL-Defense Advanced Research Projects Agency (DARPA) 
ongoing agreement. 

2. Graphene Growth 

2.1 Chemical Vapor Deposition Furnaces 

The capability to produce graphene thin films in-house at ARL is important to the success of the 
DSI.  Epitaxial graphene growth on SiC has been the primary graphene growth technique for 
over five years; however, in recent years, CVD of graphene on metal substrates has shown great 
promise.  CVD offers lower processing temperatures and cheaper substrate materials, and is 
considerably less difficult to set up in a laboratory setting than a high temperature furnace for 
graphene growth on SiC. 

Two CVD furnaces were established for in-house graphene growth:  an atmospheric pressure 
chemical vapor deposition (APCVD) furnace and a low pressure chemical vapor deposition 
(LPCVD) furnace.  APCVD graphene growth was performed in the existing CNT furnace.  
Growth conditions for CNTs and graphene are very similar.  Both use the same process gases:  
argon (Ar), hydrogen (H2), and methane (CH4).  The major differences between CNT and 
graphene growth are the substrate materials and gas flows.  As reported in the literature, CVD 
growth of single layer and bilayer graphene takes place at low methane flow rates (typically,  
3–10 sccm) (18, 24).  In order to accommodate the smaller flow rates, a new CH4 mass flow 
controller (MFC) was purchased and installed.  The APCVD furnace was primarily used to 
growth graphene on nickel (Ni) thin films. 

A new LPCVD furnace system was constructed at the Adelphi Laboratory Center (ALC), MD, 
this year.  In hindsight, the purchase of a commercially established growth system may have 
been a prudent, albeit more costly, approach.  It has been shown that single layer graphene, while 
difficult to produce using APCVD, can be produced under low pressure on copper (Cu) foils (25, 
26).  The key components to the system are the (1) gas delivery/handling system, (2) furnace, 
and (3) exhaust system.  Located adjacent to the APCVD system, the LPCVD system is plumbed 
with the same gases as the APCVD system:  H2, nitrogen (N2), Ar, CH4, ethylene (C2H4), and 
compressed air.  The flammable gas flows are regulated using MFCs, while rotameters are used 
for the inert gases.  The flammable and inert gases are kept in separate manifolds until they are 
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mixed right before entering the furnace.  All valves on the system are pneumatically controlled 
and switched manually by an electronics panel.  Once the gases reach the furnace, the gases enter 
a 2-in quartz tube heated by the furnace.  The furnace can reach a maximum temperature of 
1200 °C; however, it is typically operated at lower temperatures.  The quartz tube and piping are 
evacuated by a mechanical roughing pump.  A Baratron gauge downstream of the furnace 
measures the system pressure, and a butterfly throttle valve can be operated to set and control the 
pressure.  The system can reach pressures as low as 250 mTorr.  The LPCVD furnace has 
primarily been used for graphene growth on Cu foils. 

2.2 Growth on Copper 

2.2.1 Objectives 

The overarching mission of the Graphene DSI is the development of fundamental electronic 
material/device theory and simulation, as well as synthesis and fabrication methods for discrete, 
coupled graphene-based devices specifically for power rectification and high frequency 
applications.  While the primary focus is to develop graphene-based electronic devices and 
understand the fundamental behavior of these devices, in-house graphene synthesis is desirable 
to supply high grade material.  As such, one challenge for this research is the deposition of high 
quality, large area graphene and the subsequent transfer onto device-compatible substrates.  This 
year, the objectives were to (1) explore and optimize conditions for the low pressure CVD of 
single layer graphene on Cu foils, (2) improve the graphene transfer process and understand how 
the transfer process affects the physical properties of the graphene, and (3) characterize the 
graphene using Raman spectroscopy and atomic force microscopy (AFM). 

2.2.2 Introduction 

Graphene is a monolayer thick material comprised entirely of sp2-bonded carbon atoms that form 
a honeycomb-like lattice structure.  Because it is only one atom thick, it is the prototypical 2-D 
material and as such exhibits unique physical properties.  These interesting properties include a 
high intrinsic mobility (200,000 cm2/Vs) (7), a high breakdown current density exceeding  
108 A/cm2 (12), and a constant optical absorption of 2.3% per layer over a wide spectral range 
(27).  Graphene also possesses ambipolar behavior, which can potentially provide the foundation 
for new and previously unimagined devices.  These properties make graphene an attractive 
material for many electronic applications, including transparent conductors, FETs, and frequency 
multipliers. 

In this report, we discuss the activities performed during the second year of the Graphene DSI 
surrounding the growth and transfer of graphene deposited on Cu foils.  Last year, one goal was 
to establish an in-house graphene growth capability via LPCVD.  This year, various growth 
parameters were varied to deposit single layer graphene.  However, primary emphasis was given 
to improving the graphene transfer process and understanding any transfer-related effects on the 
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physical properties of graphene.  Growth, transfer, and characterization are all vital efforts to 
support the fabrication of graphene-based electrical devices. 

2.2.3 Experimental Description 

Graphene was grown by LPCVD on Cu foils with the goal of producing single layer graphene 
for device fabrication.  Briefly, Cu foils were cleaned with acetic acid, acetone, and isopropanol 
and placed in a furnace.  The furnace was pumped down to a base pressure of less than 0.5 Torr 
and then heated to the setpoint growth temperature under a constant flow of hydrogen gas.  Once 
the setpoint temperature was achieved, the Cu foils were annealed in H2 for a set time.  To 
initiate graphene growth, the growth pressure was set, and CH4 gas was then metered into the 
furnace with the H2.  After the growth phase, the CH4 flow was stopped, and the furnace was 
cooled to room temperature.  During the run, a thermocouple was inserted into the furnace to 
monitor the temperature, and it was found that the measured temperature was about 30 to 70 °C 
greater than the setpoint.  A more detailed description of the deposition process can be found in 
reference 4.  Over the year, growth parameters were varied, including temperature, gas flow 
rates, and deposition pressure.  A listing of the various ranges can be found in table 1. 

Table 1.  Summary of the LPCVD graphene growth parameter ranges. 

LPCVD Growth Parameters 
Pressure 1.5–9 Torr 
Temperature 900–1000 °C 
H2 flow rate 50–200 sccm 
CH4 flow rate 5–80 sccm 
Anneal time 15–30 min 
Growth time 5–40 min 

 
A major effort this period was to optimize the transfer process of graphene from Cu thin foils to 
device-compatible substrates.  The basic procedure has been outlined in the ARL Technical 
Report, ARL-TR-5451 (28).  Briefly, a protective bilayer of poly(methyl methacrylate) (PMMA) 
is coated onto the graphene (on one side of the Cu foil).  The unprotected backside graphene 
layer is removed using an oxygen plasma ash.  Next, the Cu foil is wet chemically etched away, 
followed by a 10% hydrochloric acid (HCl) etch to remove any iron particulate residue from the 
Cu etchant.  The remaining PMMA/graphene composite is transferred onto the desired substrate.  
Typically, a silicon (Si) substrate with 3000-Å-thick thermally grown silicon oxide (SiO2/Si) is 
used. 

Two key steps in the transfer process are the oxygen plasma ash and the placement onto the 
desired substrate.  Because of the Cu foil’s light weight and the heat/energy generated by the 
plasma, a method to secure the foil during this step is important to ensure that the foil does not 
flip during plasma processing.  The previous method of using a water drop to adhere the Cu foil 
to a glass slide support was not sufficient to ensure adhesion during the entire plasma ash.  
Various methods were attempted to adhere the Cu foil to the support slide, including using 
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photoresist and other polymer-based materials as a glue.  While these materials successfully kept 
the Cu foil fixed during the plasma ash, separation from the glass support and removal efforts 
further along in the process were problematic and prevented the use of these materials.  Glass 
slides placed on the Cu foil edges provided the additional weight necessary to keep the foil 
stationary during the oxygen plasma ash.  After Cu etching, the PMMA/graphene composite is 
transferred onto the desired substrate.  Because a layer of water between the graphene and 
substrate exists, removing this water without disturbing or crumbling the graphene can be tricky.  
The previous method used a nitrogen blow gun to force the water from under the graphene.  
However, this method generated a number of failed transfers as blowing too hard or in the wrong 
place could cause the graphene to fold or move off the substrate.  Instead, the samples were 
baked on a hot plate at ~50 °C to remove the water and adhere the graphene to the substrate.  
Using these two modifications, graphene areas greater than 1 in2 were successfully transferred.  
The yield for samples successfully transferred increased from 70% to 95% using these 
modifications. 

The next phase of the transfer process is the removal of the PMMA handle layer.  This removal 
was performed by two different techniques: acetone vaporization and thermal annealing.  
Acetone vaporization involves exposing the transferred graphene to heated acetone vapor, 
followed by submersion into boiling acetone.  The second method involves heating the 
transferred graphene in a furnace at temperatures between 250–500 °C in a flow mixture of H2 
and Ar at atmosphere.  To determine the anneal conditions (i.e., temperature and gas flows) that 
best removes PMMA and explore any PMMA removal effects on the transferred graphene, a 
series of anneals were performed as described in table 2.  Anneal time for each run was 90 min.  
As seen in table 2, the transferred graphene samples were either annealed or first had its PMMA 
layer removed by acetone vaporizations, followed by thermal annealing.  The later was 
performed to separate thermal annealing effects from any potential unknown interactions 
between the graphene and PMMA upon annealing.  There was some concern that the PMMA 
could possibly produce a carbonaceous residue on the graphene during annealing. 

Table 2.  Summary of the annealing experiment conditions for the removal of PMMA. 

 Temperature 
(°C) 

H2 Flow 
(sccm) 

Ar Flow 
(sccm) 

Acetone vaporization 500 700 1700 
Acetone vaporization 500 1700 500 
 500 700 500 
 500 1700 1700 
Acetone vaporization 400 700 500 
Acetone vaporization 400 1700 1700 
 400 700 1700 
 400 1700 500 
Acetone vaporization 300 700 500 
Acetone vaporization 300 1700 1700 

 300 700 1700 
 300 1700 500 
 250 1700 1700 
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Raman spectroscopy measurements were performed to characterize the graphene after transfer, 
after acetone vaporization, and after annealing.  A Renishaw inVia microscope was used with an 
excitation laser of 514 nm and ~1.5 mW power at the sample surface.  In lieu of precise sample 
mapping not available on the microscope, scans at multiple points on the samples were taken.  
The Raman data were analyzed by using the Lorentzian peak fitting approximation.  AFM using 
a Veeco NanoMan V scanning probe microscope in tapping mode was performed to image the 
graphene surface. 

2.2.4 Results and Analysis 

Figure 2 shows representative Raman spectra of graphene transferred to SiO2/Si before PMMA 
removal, after acetone vaporization, and after thermal annealing (for this example, the graphene 
was annealed at 500 °C).  The Raman spectra exhibits the characteristics peaks for graphene, 
including the D peak at ~1350 cm–1, G peak at ~1585 cm–1, and the G’ peak at ~2700 cm–1 (also 
known as the 2-D peak).  Raman peaks for PMMA can be seen at ~1460, 1735, 2850, 2958, and 
3000 cm–1 on the as-transferred graphene sample but are not present after acetone vaporization 
and/or annealing.  Before PMMA removal, the graphene has an IG’/IG intensity ratio of 2.6 and a 
G’ full width at half maximum (FWHM) of ~36 cm–1, indicating that is it single layer graphene 
(5, 6).  It has been shown that the intensity ratio between the characteristic G and G’ peak can be 
used to identify the number of graphene layers (26, 29, 30).  Single-layer graphene (SLG) is 
characterized by an IG’/IG value greater than 2; whereas, bilayer graphene (BLG) is represented 
by intensity ratio values of 2 < IG’/IG < 1.  Intensity ratios less than 1 indicate the presence of 
three layers or more.  After PMMA removal via the acetone vaporization technique, similar 
trends to the as-transferred graphene are observed (i.e., IG’/IG > 2, FWHM = 36 cm–1).  However, 
after thermal annealing at 500 °C in a mixed H2/Ar atmosphere, the Raman spectrum exhibits 
changes to the characteristics features, including a broadening of the G’ peak to a FWHM of  
48 cm–1.  Most strikingly, the intensity ratio for the annealed graphene is reduced significantly 
(IG’/IG = 1.1), indicative of BLG.   
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Figure 2.  Raman spectra comparison of graphene after transfer onto a SiO2/Si substrate, after acetone 
vaporization (ACE Vapor), and after thermal annealing at 500 °C. 

AFM height images of the graphene surface topography after transfer, after acetone vaporization, 
and after thermal annealing can be seen in figure 3.  The as-transferred sample contains the top 
PMMA protective layer (~1.5 μm thick) and thus no graphene features are visible in the image.  
More interesting is the comparison of the graphene surfaces after PMMA removal via thermal 
annealing and acetone vaporization.  Both images exhibit root mean square surface roughness 
(σRMS) values of 1.4 to 1.6 nm.  Wrinkles in the graphene can be seen in both images; however, 
there is a larger amount of debris, most likely residual PMMA, still present on the surface on the 
sample that experienced PMMA removal via acetone vaporization.  The annealed graphene is 
much cleaner.  It should also be noted that sizable rips and tears are typically visible in samples 
that undergo acetone vaporization as compared to annealed samples.  These rips and tears in the 
graphene can be problematic when fabricating and testing electrical devices.  Based on these 
results, it is preferable to use thermal annealing over acetone vaporization for PMMA removal. 
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 (a) As-transferred (b) After ACE vapor (c) Annealed 

Figure 3.  AFM height images of graphene (a) after transfer onto a SiO2/Si substrate, (b) after acetone vaporization 
(ACE vapor), and (c) after annealing at 300 °C. 

The Raman spectra of four graphene samples annealed at 250, 300, 400, and 500 °C (furnace set 
point temperatures) in 1700 sccm H2/1700 sccm Ar can be seen in figure 4.  As measured by 
thermocouple, the steady state temperature in the furnace was 50° higher than the setpoint 
temperature.  For the sample annealed at 250 °C (actually 300 °C), the PMMA protective layer 
was not removed during the anneal.  PMMA is known to fully degrade at about 360 °C in a 
nitrogen atmosphere; however, the degradation temperature decreases in the presence of oxygen 
as well as with increasing molecular weight of the polymer (31, 32).  The PMMA layer is 
removed when annealed at setpoint temperatures of 300 °C or higher as expected. 
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Figure 4.  Raman spectra of transferred graphene on SiO2/Si annealed at 250, 300, 400, and 500 °C. 

One goal of the annealing experiment was to evaluate the effect of different H2:Ar flow ratios on 
the resulting physical properties of the graphene.  Figure 5 shows the AFM height images of four 
graphene samples, annealed under varying H2/Ar flows at 300 °C.  All images show wrinkles as 
expected.  The images also show large raised features where multiple wrinkles gather and 
represent areas where the graphene is most probably not in contact with the SiO2/Si substrate.  
Roughness values range from 1.63 to 4.97 nm for these samples and are strongly influenced by 
the number of wrinkle gather features.  Especially notable is the graphene sample annealed under 
700 sccm H2/1700 sccm Ar (figure 5d).  PMMA residue, usually revealed as small circular 
particles bunched together, is observed in the graphene annealed under 700/500 sccm H2/Ar 
(figure 5b).  For these four samples, no discernible difference in the Raman spectra has been 
observed.  Therefore, it can be concluded that temperature, not the anneal gas flow environment, 
plays a dominant role in influencing the chemical/structural properties of graphene.  There have 
been many reported thermal annealing recipes that purport to remove PMMA from graphene, 
including annealing in vacuum (33–36). However, the main similarity among them has been the 
use of elevated temperatures, ranging from 300 to 500 °C, which is necessary for the sublimation 
of PMMA. 
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 (a) H2/Ar: 1700/1700 sccm (b) H2/Ar: 700/500 sccm 

         
 (c) H2/Ar: 1700/500 sccm  (d) H2/Ar: 700/1700 sccm 

Figure 5.  AFM height images of transferred graphene annealed at 300 °C under various gas  
flows: (a) 1700 sccm H2/1700 sccm Ar, (b) 700 sccm H2/500 sccm Ar, (c) 1700 sccm  
H2/500 sccm Ar, and (d) 700 sccm H2/1700 sccm Ar. 

The influence thermal annealing has on the graphene Raman spectra is visible when comparing 
the intensity ratios values.  Figure 6 plots the intensity ratio IG’/IG for the transferred graphene 
before and after PMMA removal.  The as-transferred graphene samples exhibited IG’/IG values 
greater than 1, indicating that they consist of single and bilayer graphene.  Calculations from the 
Raman spectra of each sample suggest they are 77–100% SLG and 0–23% BLG.  The average 
intensity value for all transferred graphene is 2.04.  Graphene that had PMMA removed via the 
acetone vaporization process exhibited an average IG’/IG of 2.21 with a tight distribution around 
2.  These graphene samples exhibited 85–100% SLG.  Graphene annealed at 300 °C or higher, 
regardless of whether it had the PMMA removed previously or not, did not exhibit any 
characteristics of single layer graphene.  The average IG’/IG value for these samples is 1.11.  No 
correlation between anneal temperature and IG’/IG ratio values was observed. 
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Figure 6.  IG’/IG values for graphene after transfer, after acetone vaporization (ACE Vapor), and after  
thermal annealing at 300 to 500 °C. 

The intensity ratio IG’/IG was not the only change seen with the Raman spectra; shifts in the G 
and G’ peak positions has also been observed.  Table 3 shows the mean position for both peaks 
with respect to PMMA removal method.  The most dramatic change occurred for the G peak.  
For the transferred graphene, the mean G peak position was 1591.1 cm–1; however, after acetone 
vaporization, the mean position shifts by –4.3 cm–1.  An increase in the mean G peak position 
from 1589.9 to 1597.1 cm–1 is observed as the annealing temperature increases from 250 to  
500 °C.  A similar trend is also observed in the G’ peak position, although not as large.  Again, 
there is a slight decrease from the as-transferred to the PMMA removal via acetone vaporization 
and a slight increase as the annealing temperature is increased. 

Table 3.  Summary of the Raman G and G’ peak position after transfer, after acetone vaporization,  
and after annealing from 250 to 500 °C. 

 G Peak Position (Mean) 
(cm–1) 

G’ Peak Position (Mean) 
(cm–1) 

Transferred 1591.1 2691.4 
Acetone vaporization 1586.8 2689.8 
Annealed at 250 °C 1589.8 2696.2 
Annealed at 300 °C 1592.3 2694.6 
Annealed at 400 °C 1596.3 2694.7 
Annealed at 500 °C 1597.1 2696.6 
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Similar changes in the Raman spectra as a function of anneal temperature have been observed in 
exfoliated graphene (33, 34).  A decrease in the IG’/IG value from above 1 for pristine SLG to 0.5 
after annealing was observed in exfoliated SLG as the samples were annealed at progressively 
higher anneal temperature (250 and 400 °C) (34).  G peak position shifts as large as 20 cm–1 
were also reported upon annealing at 400 °C.  It is believed that the shifts in Raman peak 
position and changes in the intensity are due to increased interaction or coupling of the graphene 
layer and the underlying SiO2/Si substrate, which in turn leads to heavy hole doping and severe 
degradation of the electrical properties in graphene devices.  It is thought that the silicon oxide 
contributes excess charge to the graphene and is responsible for hole doping in graphene 
samples. 

2.2.5 Conclusion/Summary 

This section of the report described research done under the Graphene DSI focusing on the 
growth, transfer, and characterization of graphene deposited on Cu foils by LPCVD.  Efforts to 
optimize the graphene transfer process were discussed, including the experiments performed to 
explore how the PMMA removal impacts the physical properties.  PMMA removal methods of 
acetone vaporization and thermal annealing were compared.  While thermal annealing is 
preferred over acetone vaporization because of the rips and tears generated in the later, exposing 
the graphene to elevated temperatures changes the physical properties.  Upon transfer, the 
graphene are typically composed of 77–100% SLG and 0–23% BLG; however, upon annealing, 
Raman spectra indicate that the samples no longer contain any SLG material.  This effect is most 
likely not due the presence of carbonaceous material left over from the PMMA removal process, 
but rather due to increased coupling of the graphene and substrate brought on by heating. 

2.2.6 Future Work 

Based on the work performed during this year, several areas of research have been identified that 
warrant future investigation.  While this year’s growth efforts have focused on determining 
conditions for SLG, the next steps forward will focus on increasing the grain size of graphene.  
This should entail varying the growth conditions, especially the hydrogen partial pressure, which 
has been shown to influence grain size (37), as well as exploring pre-growth treatments of the Cu 
foil (FY12 Q1–4).  This year’s work has shown that the cleaning process for the transferred 
graphene remains a notable issue.  Particularly, PMMA removal is still problematic and 
investigation into alternative cleaning solvents and process should be continued (FY12 Q2–4).  
The influence of these solvents on the structural properties of the graphene must be considered in 
addition to understanding and differentiation of the graphene-substrate effects from PMMA 
removal effects.  Another goal for the upcoming year is to develop and perform electrical 
measurements, such as sheet resistance and/or Hall measurements, for pre-fabrication electrical 
characterization and assessment of the graphene (FYQ3). 
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2.3 Growth on Nickel 

2.3.1 Introduction 

Graphene growth can be synthesized and controlled on metal surfaces by APCVD. The challenge 
has been controlling the number and area of the grown G-layers on metals. Ni and Cu are 
affordable, readily available metals in semiconductor industry and have a particularly low carbon 
solubility (~1%).  Carbon is needed in the process for growing graphene. The advantage of 
APCVD method is in the ability to transfer the G-layers to a flexible substrate for continuation in 
the electronic device fabrication.   

Ni foil has been a very popular form of starting material for graphene transparent conductive 
electrodes (38), but the requirements for GFET device application are more stringent in terms of 
atomic smoothness, low defects, low roughness, and high electronic mobility for high 
performance.  The structural quality of Ni is of immense importance both in improving growth 
procedures and understanding the resulting G-layers electronic properties.  Multilayer graphene 
prepared by diluted CH4-based CVD at 1 atm on Ni films deposited over Si/SiO2 wafers has been 
shown in various colors, sizes, and shapes (39). Their preferred nucleation sites in relation to the 
Ni grain boundaries are not well understood. In this study, we prepared a variety of Ni catalysts 
having grain structures ranging from small to large and with mixed distribution across the 
surface. 

We have also significantly diluted the mixture of CH4, a carbon source in the APCVD process, to 
less than generally found 2‒16 vol.% (39–43).  Other studies using less than 2 vol.% (18, 44, 45) 
have shown diluted CH4 was key to the growth of SLG and BLG and few-layer graphene (FLG) 
(less than five layers), while using concentrated CH4 led to the growth of multilayer graphene 
that resembled bulk graphite. We employed diluted amounts equal to and below 0.5 vol.% to 
obtain nanolayers of graphene.  

2.3.2 Experimental Procedure 

The process for synthesis of graphene film started with Ni coated on SiO2/Si substrates. The Ni 
film was deposited by evaporation or sputtering to a thickness of 300 nm.  The sputtering was 
performed at a temperature of 100 and 250 °C each with a pressure of 2 and 20 mT.  The 
substrate was then loaded into a CVD furnace and the temperature was ramped up as fast as 
possible to 950–975 °C. The annealing process was carried out at atmosphere with H2 flow rate 
of between 300 to 700 sccm, and the Ar was held constant at 700 sccm.  At the start of the 
graphene step, we started flowing 5 sccm of CH4 as a carbon source for approximately 10 min.  
After the growth step, we turned off the CH4 and ramp down the temperature of the furnace at a 
rate of 5 °C/min while maintaining the same flow rates of H2 and Ar. The Ni and graphene film 
morphology were analyzed using the high-resolution nanoscale imaging technique of AFM; a 
Veeco NanoScope V on the contact mode focused over an approximately 2-µm2 sample surface.  
The quality of graphene was analyzed by micro-Raman spectroscopy. All scans were taken on 
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Witec Alpha 300 instrument run in Raman mode with a 532-nm excitation laser (laser power less 
than 45 mW), a 600 l/mm diffraction grating, and a 60 × 0.8-NA objective lens. 

2.3.3 Ni Film Preparation 

A direct comparison of the Ni film preparation and deposition methods reveals changing grain 
structures ranging from small to large and with mixed distribution across the surface. 

The film from the evaporation method has a grain size is approximately 45 nm and equilateral 
with an average roughness value Ra of 8.7 nm.  The grain distribution is mostly equal all around.  
Evaporated and sputtered thin films deposited in a condition of supersaturation typically result in 
small grain sizes due to a high rate of nucleation (46).  Film from the sputtering method at  
temperature (100 °C) and low pressure (2 mT) have grains that grow to approximately 90 nm in 
size with an Ra of 9.3 nm. Sputtering above ambient temperature produces a larger grain size and 
more defined grain boundaries than evaporated grains, as shown in figure 7a and 7b. The 
distribution is 30% occupancy of large grains. An increase in sputtering pressure to 20 mT tends 
to reduce the grain size to approximately 80 nm and reduce the occupancy to 50% large grains, 
as shown in figure 7c. We note the sputter deposition rate is only 43 nm/min at 20 mT, almost 
half that deposited at 2 mT.  At 20 mT, sputtering there is a reduction in free mean path of Ar 
atoms to the Ni target, which produces increased collisions that slow down the deposition rate. 
An increase in the sputter temperature to 250 °C produces noticeably larger grains of roughly 
600 nm in size with a Ra of 27 nm, as shown in figure 7d.  At this temperature, there is evidence 
of grain growth and formation of large flat plateaus from topographical features.   

 

Figure 7.  AFM image of Ni morphology before CVD growth of graphene by method of  
(a) evaporation, (b) sputtering 2 mT, 100 °C, (c) sputtering 20 mT, 100 °C, and 
(d) sputtering 2 mT, 250 °C. 

2.3.4 Ni Annealing 

Annealing is necessary for grain growth and the stability of the film.  After 20 min of annealing 
at 975 °C, the average grain size increase to several times its original size. If we compare how 
the grain evolves from their original size in figure 7a–c and their corresponding annealed state 
figure 8a–c, we find the distribution remains nearly the same mix. That is, the proportion of 
small grains and large grains are relatively the same.  In evaporated films, the grains continue to 
be equilateral and grow to an average size of 2000 nm, which is an approximately 50 times 
increase from their original deposited condition.  
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Figure 8.  Morphology of (a) equilateral grains from evaporation; (b) 30% large grain 
from sputtering, 2 mT and 100 °C; and (c) 50% large grains from sputtering, 
20 mT and 100 °C. 

The sputter deposited grains reach a maximum 10,000 nm in size, nearly 11 times their original 
size. Other investigators have shown on average a 20-times increase in growth (47).  The large 
grains occupy 30% of the surface when sputtering pressure is held at 2 mT, but occupy 50% 
when the pressure is 20 mT.  The effect of increasing the sputter pressure was to suppress the 
nucleation of small grains around larger grains. 

The results for sputtered film at temperature elevation of 250 °C (figure 7d) are not shown here, 
but for 450 °C the final grain size is said to approach 25 µm after the annealing stage (24).  Grain 
growth will stagnate in thin films during annealing at some point according to the film thickness.   
The ratio of the annealed grain diameter to that of the Ni film is generally said to be around 20, 
which could only be obtained by abnormal grain growth (48).  Normal grain growth rarely 
occurs in thin films. An important characteristic of the normal grain growth is that, after the 
annealing, the average grain size does not exceed the original film thickness. The shape and 
grain size distribution of the single grain does not change. Abnormal grain growth is preferred 
because the average grain size can be up to an order of magnitude larger than the original film’s 
thickness. Others have shown greater than normal Ni grain diameter growth to 50 µm by 
exposing the film to a pressurized vessel of 200 Torr at 1000 °C and extending the annealing 
time from 20 to 60 min (44), but there was no mention of the quality of surface roughness 
resulting from this process.  

2.3.5 Role of H2 in the APCVD Process 

The H2 environment plays an important role in preventing oxidation of Ni at high temperature. 
The quality of the film has been shown to improve with the addition of H2 (49). The likely 
explanation for this is that H2 is known to selectively etch amorphous carbon defects that can 
serve as secondary nuclei for competing film growth. It can also cause problems to thin-film Ni 
and other metals over time or if the content is too high, in a phenomenon called hydrogen 
blistering (24).  A pinhole is shown in figure 3 in the form of a tiny black hole, which can vary in 
size and density with the amount of H2 flow in the process.  At elevated temperatures, hydrogen 
atoms are able to diffuse into Ni and accumulate in clusters until the pressure builds up to the 
point of bursting. Reducing the amount of H2 during the annealing stage is important in 
preventing pinholes in very thin Ni films.   



 

18 

The amount of H2 flow was optimized to 30 vol.% in order to prevent oxidation and pinhole 
defects.  Oxidation is characterized by darkening and roughening of the Ni surface with missing 
layers of graphene.  We found that less H2 was needed when the grains of Ni were larger in order 
to obtain consistent and reliable growth of graphene.  This conclusion was arrived coincidentally 
after many trials attempting to find an optimum H2 flow setting.  Beyond this amount, the 
pinhole defect density count increased astronomically with increase in H2content as shown in 
figure 9.  

 

Figure 9.  Excess H2 leads to pinholes in Ni catalyst. 

On a very thick Ni film (0.5 mm), the amount of time needed for successful annealing for growth 
of graphene (50) was 1 h, but there was no mention of the post surface roughness and pinhole 
conditions.  

2.3.6 Graphene Growth 

A source of carbon in the CVD process that is necessary for the growth of graphene on top of the 
Ni catalyst is a reaction product from gas mixture of H2 and CH4 at 975 °C in atmospheric 
conditions (51).  Since the solubility of carbon in Ni is temperature-dependent, carbon atoms 
segregate as a graphene layer on the Ni surface upon cooling.  Others (52) have used thin Ni 
films (700 nm, deposited by sputtering on SiO2/Si wafer) rather than thick Ni foil (0.5 mm) to 
minimize the saturation time and the amount of carbon in the Ni film, since the solubility of 
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carbon in Ni is about 0.9 at.% at 900 °C.  For other materials, like Cu, the carbon solubility is 
negligible and the substrate can reach a substrate thickness of 25 μm. For Ni, we used a thin-film 
layer of 300 nm.   

A CH4 ratio from 0.5 to 0.41 vol.% exhibited a strong presence of graphene film, at 0.36 vol.% 
produced mixed results, and at 0.24 vol.% or less produced no evidence of graphene on a Ni 
catalyst after CVD.  We were successful in growing graphene with mixed results below dilution 
(0.36 vol.%) by extending the CVD growth time to 10 min from the previous 5 min (44). It is 
expected that conditions such as annealing time, temperature, and H2 content will shift these 
results.   

Finding evidence of graphene growth can sometimes be challenging when using a microscope. 
SLG or BLG are transparent (39), but multiple layers of crystallites are opaque and can be 
visualized using optical microscopy.  Visual detection of SLG and BLG is improved by 
transferred graphene to any 300-nm-thick SiO2 substrate and using monochromatic illumination 
(53).  The apparent transparency of 1‒2 layer graphene grown over the Ni catalyst is beneficial 
for determining the background surfaces.  The morphology and grains of the Ni are discernible in 
figure 10.  The faint black lines in the background are the Ni grain boundaries and the graphene 
patches in brown color represent several layers. The grain boundaries of Ni at the CVD stage 
take on the same fingerprint characteristics as compared to the annealing stage.  

 

Figure 10.  Distribution of graphene patches on top of (a) evaporated Ni with equilateral grains; 
(b) occupancy 30% large grains from sputtered, 2 mT and 100 °C; and (c) occupancy 
50% large grains from sputtered, 20 mT and 100 °C deposit conditions. 

Inspection of the grain boundaries after graphene growth reveals the preferred nucleation sites of 
multilayer graphene patches. In figure 10a, graphene patches measuring approximately 10 µm 
across appear to cover several smaller grains of Ni prepared by evaporation method. When a Ni 
grain diameter is relatively large from a sputter preparation method, as depicted in figure 10b, 
the graphene patches prefer to grow in concentrated areas of small Ni grain boundaries and are 
less likely to appear on top as single large flat areas. There is a higher density of atomic steps due 
to the curvature of the grain edge, thereby inducing the nucleation sites of graphene patches (39, 
47).  In areas depicting large equilateral grain size with fewer grain boundaries, such as in figure 
10c, the quantity of graphene patches appears to remain relatively unchanged compared to figure 
10a.  It appears that long length grain boundaries can have few nucleation sites, and on the other 
hand, short length grain boundaries can have many nucleation sites.  If multilayer graphene 
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originates at the grain boundaries, as in seen in both figure 10a–b, then hypothetically the large 
numbers of grain boundaries in figure 10a should be completely covered of multilayer graphene 
patches. One possible reason for the few nucleated multi-graphene sites on overwhelming 
numbers of Ni grains boundaries is that the individual grains have a (111), (100), and possibly 
more crystallographic orientation (42). In face-centered cubic (fcc) metals such as Ni, the (111) 
planes have their lowest surface/interface energy with respect to other planes (46) and growth is 
preferred in those planes.  However, in Ni films that have high stress, the surface/interface 
energy minimization is no longer the dominant driving force.  Ni grains growth is preferred with 
a (100) crystallographic orientation because Young’s modulus allows the grains to expand and 
contract in those planes much more easily in order to reduce the internal stress. Usually high 
quality epitaxial grown graphene is associated with the smallest lattice mismatch, but this 
tendency needs to be studied further before making a concrete determination. The driving force 
or nucleation sites of multilayer graphene patches are not strongly dependent on grain size when 
using diluted CH4 concentrations below 0.5 vol.%.      

A stronger influence of the quality and quantity of graphene is dictated by the effect of 
temperature and the rate of cooling at diluted amounts of CH4. Other studies have shown a 
moderate cooling rate provides the best conditions for graphene growth (18).  At moderate 
cooling rate, carbon atoms segregate and form graphene; while at a higher rate, carbon atoms 
segregate out of Ni, but form a less crystalline, defective graphitic structure (54).  Others have 
used very fast cooling rates of 10 °C/s successfully, but these conditions were done with either 
thicker films or higher concentration (5‒16 vol.%) of CH4 (39–41) and high (400 Torr) pressure 
(42).  We chose a slow cooling rate of 5 °C/min for our thin-film Ni and a dilute CH4 
concentration. 

The CVD temperature also has a strong influence on the graphene patch size. We lowered the 
process temperature to 950 °C to determine the change in graphene patch size.  When the 
temperature was reduced by 25 °C from the original condition (figure 11a), the graphene patches 
were reduced to nearly half the size (figure 11b) for the evaporated sample. The largest size 
graphene patch at 975 °C measured 20 µm across for a 300-nm-thick Ni film. 

 

Figure 11.  Size comparison of multilayer graphene patches  
grown and annealed at (a) 975 °C and (b) 950 °C  
from an evaporated Ni template. 
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2.3.7 Raman Spectroscopy 

The amount of graphene layers segregated on the Ni catalyst surface after CVD growth can be 
characterized by Raman intensity peaks.  Figure 12 shows a comparison of graphene grown 
patches on the Ni surface ranging from light to dark shades of green.  

 

Figure 12.  Comparison of images according to (a) clear or transparent, (b) light, (c) medium,  
and (d) dark graphene patches on evaporated Ni surface. 

Micro-Raman spectroscope was positioned at the crosshair locations corresponding to those 
same images and the intensity peaks are recorded in figure 13.   

 

Figure 13.  Comparison of Raman intensity peaks according to (a) clear or transparent, (b) light, 
(c) medium, and (d) dark graphene patches on Ni. 

Raman bands at 1580 to 1584 cm–1 and 2711 to 2713 cm–1 are denoted as the G band and 2D 
band, respectively (55).  The 2D band is also denoted as G’ band.  Differences among the Raman 
spectra were observed, including an increase of the G band to 2D band intensity ratio and a 
broadening of the 2D band.  The G band originates from in-plane vibration of sp2-hybridized 
carbon atoms and generally becomes stronger with an increasing number of layers, for layers 
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typically smaller than 10.  The 2D band becomes broader and shifts toward a higher wave 
number with increased graphene layers due to a splitting of the electronic band structure.  Figure 
13 shows Raman spectra of different number of graphene layers, exhibiting the G and 2D modes.  
The intensity ratio of G to 2D modes increases with the number of graphene layers.   

SLG typically has a sharp and symmetric 2D band at 2683 cm–1 depending on the background 
substrate (56, 57), but we see no evidence of this in the chart.  Where two or more layers of 
graphene exist, the shape of the 2D mode evolves significantly.  The 2D mode in bulk highly 
ordered pyrolytic graphite (HOPG) generally can be resolved into two components, 2D1 and 2D2, 
where as SLG has a single sharp component (58).  Single 2D component, monolayer, and four 
components in bilayer have been explained in terms of double resonance Raman scattering (59).  
The 2D1 component is less intense than the 2D2 component; whereas, for the BLG these bands 
have almost the same intensity. An increase in number of layers leads to an incremental increase 
of the higher frequency 2D2 component compared to the 2D1 component. These characteristics of 
a bilayer are present in figure 6a with broadening of the 2D band centralizing near 2700 cm–1 and 
the I(G)/I(2D) ratio near unity.  The Lorentzian 2D curve is symmetrical, although missing is a 
typical hump on the left-hand side, normally associated with two-layer graphene (60). Multilayer 
graphene exists when the I(G)/I(2D) ratio increases in the range above two layers with the broad 
shape of the 2D mode becoming asymmetrical and shifting to higher wave numbers, as shown in 
figure 12b–d. Very similar low resolution spectra are confirmed on graphene layers after the 
graphene was transferred to an insulating substrate (61).    

The intensity of the G band increases almost linearly as the graphene thickness increases (56).  
All the layers show activity at the 1340 cm–1, also known as the D band, which relates to the 
occurrence of defects and disorder in the crystal.  The disorder-induced D bands at the 1355 cm–1 
became distinct for thinner graphene films, a reflection of how defects can be easily be 
incorporated into thinner graphene sheets (55).   The relative intensity of an existing D band 
decreasing to less than 10% of the G band with increasing crystallite graphene layers is 
comparable to high-quality graphene films grown by CVD (62).  

2.3.8 Conclusions 

Multilayer graphene patches are not dependent on the grain size of the Ni catalyst when the 
diluted CH4 concentration is below 0.5 vol.%.  This was demonstrated by growing graphene on 
Ni films prepared with a variety of grain sizes. Multilayer graphene patches were distributed 
equally onto the surface regardless of changing grain sizes.  The surface area of graphene is 
comprised of approximately 20% tri-layer with remaining multilayer patches. The process 
temperature had a strong influence on the size of graphene patches.  A 25 °C change in CVD 
temperature can be used to change the size of multilayer graphene by almost a factor of two, 
particularly on evaporated Ni.  Annealing at the highest possible temperature and combine it 
with an appropriate cooling rate results in the largest possible multilayer graphene patch size.  
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2.3.9 Summary 

We achieved tri-layer graphene on sputtered and evaporated Ni catalyst based on Micro-Raman 
analysis: 

• Graphene layers are very dependent on CH4 gas concentration.  

• CH4 0.5–0.4 vol.% exhibited graphene multilayers >4. 

• CH4 0.4–0.3 vol.% exhibited evidence tri-layer growth in 20% area.   

• Graphene layers are not dependent on the Ni grain size alone because same size layers were 
found in both large and small Ni grains. 

The Ni catalyst can oxidize or form pitting defects: 

• Controlling H2 is essential to preventing oxidation in 1000 °C APCVD process.  

• <30 vol.% produces oxidation. 

• >50 vol.% causes pitting defects. 

Starting material grain size may have an influence in the annealing process: 

• Initial analysis shows that larger Ni grains needed less H2 to prevent oxidation. 

2.3.10 Proposed Work FY12 

We propose to accomplish the following in FY12: 

• Reduce the number of graphene layers from three to two. 

• Improve coverage area of BLG to greater than 50% for device quality fabrication. 

• Introduce high temperature sputtering (>300 °C) to increase the Ni grain size (contract with 
Thin Film, Inc., NJ). 

• Use high temperature spiking annealing technique to increase Ni grain size (collaboration 
with Dr. Jing Kong at MIT). 

• Perform x-ray diffraction (XRD) of high temperature prepared Ni and annealing conditions 
to determine preferred crystal orientation and relationship to number of G-layers. 

• Improve the G transfer process to reduce residues. 
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3. Characterization by Raman Spectroscopy 

3.1 Introduction 

Graphene is a single, one-atom-thick, sheet of carbon arrange in a honeycomb lattice, and as 
such is a true nanomaterial that is effectively all surface (63, 64).  Therefore, to ascertain 
graphene’s intrinsic properties one needs a metrology that will provide atomic-level structural, 
chemical, and topological information such as layer stacking sequence, crystalline quality, and 
number of atomic layers.  Such information is required by the device fabrication engineer so that 
judicial decisions can be made during the fabrication process of graphene-based nanoscale 
devices and sensors. Raman and AFM are non-destructive techniques used extensively to 
investigate these materials properties for carbon-based nanomaterials such as graphene. It is the 
former technique (i.e., Raman) that is the main topic of this section of the report.  

3.2 Theory and Concept 

3.2.1 Optical Properties 

There are a number of different ways in which photons can interact with excitations inside a 
material. They can interact through quantized lattice vibrations (phonons), free electrons and 
holes, impurities and defects, and ionization processes (65). Figure 14 (adopted from [66]) shows 
schematically some of the optical processes that can occur when light is incident upon a material; 
in this case, a semiconductor. A fraction of the light is reflected at the air/semiconductor 
interface, while the remainder is transmitted into the material. Inside the semiconducting sample, 
some of the light may be absorbed or scattered while the rest is transmitted completely through 
the semiconductor. In general, the strongest optical processes are reflection and photon 
absorption via electron-hole creation, because they involve the lowest order of interaction 
between incident light and the elementary excitations inside the material. Some of the absorbed 
radiation may be reemitted at a different frequency, a process known as photoluminescence. 
Scattering processes such as Brillouin and Raman scattering involve two interactions (since there 
is incident light and scattered light), and therefore, tends to be much weaker (66). It is the later of 
these scattering processes—Raman scattering—that is relevant to this discussion.  
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Figure 14.  Schematic diagram illustrating the linear optical processes that  
occur at the surface and in the interior of a semiconductor. 

3.2.2 Phonons 

A basic understanding of phonons is useful when developing a physical understanding of the 
Raman scattering process. Therefore, a short and simple review of phonons and their dispersion 
is given here. This derivation can be found in most introductory solid-state physics texts (67–69). 

To obtain some insight about the properties of phonons, we show how the energy of a phonon 
depends on its wave vector (i.e., its dispersion) for a simple system. Consider the linear-chain 
model of figure 15. This model represents a hypothetical linear crystal with two atoms per unit 
cell of lattice constant a. The larger atom has a mass M and the smaller m, and we assume that 
they only interact with their nearest neighbors. The spring constant of the connecting springs are 
all the same and labeled K. Introducing the displacement in the nth unit cell of M as un and that 
of m as vn we obtain 

𝑀
𝑑2𝑢𝑛
𝑑𝑡2

= 𝐾(𝑣𝑛 + 𝑣𝑛−1 − 2𝑢𝑛) (1) 

and 

𝑚
𝑑2𝑣𝑛
𝑑𝑡2

= 𝐾(𝑢𝑛+1 + 𝑢𝑛 − 2𝑣𝑛) (2) 

using Newton’s 2nd law of motion and Hooke’s law of a mass attached to a spring. 

 

Figure 15.  One-dimensional diatomic chain with lattice constant a. 
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As solutions of equations 3 and 4, we try plane waves with amplitudes of u and 𝑣, in this case, 

𝑢𝑛 = 𝑢 exp[𝑖( Ω𝑡 +  𝑛𝑄𝑎)] (3) 

and 

𝑣𝑛 = 𝑣 𝑒𝑥𝑝[𝑖( Ω𝑡 +  𝑛𝑄𝑎)] (4) 

where Q is the phonon wavevector and Ω is its frequency. Substituting equations 3 and 4 into 
equations 1 and 2, respectively, we obtain 

     − Ω2𝑀𝑢 =  𝐾𝑣[1 +  𝑒𝑥𝑝(−𝑖𝑄𝑎)]  −  2𝐾𝑢 

(5) 
     − Ω2𝑚𝑣 =  𝐾𝑢[1 +  𝑒𝑥𝑝(𝑖𝑄𝑎)]  −  2𝐾𝑣. 

This set of equations has a nontrivial solution (i.e., one other than u = v = 0) only if the 
determinant of the coefficients vanishes. That is, 

�
2𝐾 −  Ω2𝑀 −𝐾[1 +  𝑒𝑥𝑝(−𝑖𝑄𝑎)]

−𝐾[1 +  𝑒𝑥𝑝(𝑖𝑄𝑎)] 2𝐾 −  Ω2𝑚
� = 0 (6) 

The dispersion relation resulting from the corresponding secular equation can be written as 

Ω4 − 2𝐾Ω2 �
1
𝑀

+
1
𝑚
� +

2𝐾2

𝑀𝑚
(1 − 𝑐𝑜𝑠𝑄𝑎) = 0 (7) 

Equation 7 can be solved exactly and the solutions are plotted in figure 16 for positive Q’s in the 
first Brillouin zone (BZ). The lower branch is called the acoustic branch since sound waves 
propagate according to its modes, and the upper branch is called the optical branch. The two 
different atoms are displaced in the same direction for the acoustic branch and only the heavy 
masses oscillate at the edge of the BZ. The Q = 0 case (i.e., for an infinite wavelength) of the 
acoustical branch corresponds to a simple displacement of the whole crystal. For the optical 
branch, the two atoms are displaced in opposite directions and only the light masses oscillate at 
the edge of the BZ. The Q = 0 case for the optical branch corresponds to an equal displacement 
of each like atom from its equilibrium position. When Q = 0, the vibrational mode is known as 
the zone center phonon. If the bonds between the atoms have some ionicity, the two different 
atoms carry an electric charge, and hence, the anti-phase oscillation (optical) is connected with 
an oscillating electric dipole. This allows a coupling to the electromagnetic field and is the 
reason why these oscillations are called optical modes. 
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Figure 16.  The dispersion relation for the 1-D diatomic chain. 

3.2.3 Raman Scattering 

As was mentioned in section 3.2.1, most light that is incident on a semiconductor is reflected, 
transmitted, or absorbed. However, a very small number of photons are scattered by 
inhomogeneities inside the medium. These inhomogeneities may be static or dynamic. Static 
inhomogeneities are purely geometric or local with no time dependence and results in elastic 
scattering of the incident photons, i.e., without a frequency change. Defects such as dislocations 
in a crystal are static scatters. On the other hand, dynamic inhomogeneities are time-dependent 
and result in inelastic scattering processes that do involve a frequency change. Phonons (a 
quantum of lattice vibration) in a solid are an example of a dynamic scatter. Dynamic scatterers 
lead to the formation of sidebands to the excitation line, as in Brillouin (70) and Raman (71) 
scattering. Valuable information on the vibrational states of the material can be obtained from 
these experiments (66, p. 362). In this study, we are primarily concerned with the Raman 
response due to inelastic scattering by optical phonons. 

Raman scattering has proven to be an extremely useful method for the characterization of 
semiconductors (66, 72, 73). Raman scattering results when photons interact with optical 
phonons, and therefore, complements the other spectroscopic techniques used in this study, 
which are functions of the electronic states of the semiconductor. Phonons are very sensitive to 
their local environments. The way in which the phonon frequencies appear in a Raman spectrum 
can give information about crystal quality and strain effects, which change the semiconductor’s 
lattice structure and, in turn, alter the phonon frequency of the material. The Raman scattering 
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intensity for a given phonon mode is also a function of the sample orientation with respect to the 
polarization of the incident and scattered radiation, i.e., selection rules for Raman scattering exist 
that are related to the geometry of the crystal. Therefore, Raman scattering can be used to 
determine both the frequency and symmetry of a phonon mode (66, p. 366). 

3.2.4 Macroscopic Theory of Raman Scattering 

A complete theory of Raman scattering is very complex. Unlike some other spectroscopy 
techniques, a comprehensive line-shape analysis is not often used for Raman spectroscopy due to 
the complex theoretical problems involved. Even though a simplified quantum-mechanical 
theory of Raman scattering (74, p. 183) can yield many of the important parts of a complete 
theory, we feel that a simple classical approach allows for a good understanding of the basic 
processes of Raman scattering. We now develop this classical approach. 

The inelastic scattering of light by crystal vibrations (or phonons) is caused by a modulation of 
the electronic susceptibility of the crystal by the optical phonon modes. Again, other scatterers 
such as optical magnons (modulates the magnetic susceptibility), plasmons, or even electronic 
excitations provide similar sources for the Raman process. In contrast to absorption 
spectroscopy, it is the modulation of the response by the vibrations that is important, rather than 
the contribution of the vibrionic oscillators themselves (74, p. 171). 

When light of frequency ωi and wavevector qi is incident onto the surface of a semiconductor 
(see figure 14), most is reflected, transmitted, absorbed, or Rayleigh scattered. In these processes 
there is no change in the photon frequency. However, when light is inelasticly scattered with 
frequency ωs and wavevector qs by interacting with phonon modes of frequency Ω and 
wavevector Q, conservation of energy and momentum requires that 

     −ℏ𝜔𝑠 =  ℏ𝜔𝑖 ±  ℏΩ 
(8) 

          −ℏ𝒒𝒔 =  ℏ𝒒𝒊 ±  ℏ𝑸 

The + sign denotes phonon annihilation (anti-Stokes scattering), while the – sign denotes phonon 
creation (Stokes scattering). Only about 1 in 106 incident photons are scattered inelasticly. Thus, 
Raman Scattering (RS) is a very weak process. However, the advent of the laser and 
improvements of optical spectrometers and detectors allow for routine measurements of RS on 
multifarious materials in many modern laboratories. 

The frequency-shifted photons can be described as carrying side-bands at the phonon frequency, 
which arise from the nonlinear interaction between the electromagnetic field and the 
semiconductor lattice. Cardona (75) points out that the classical theory of this nonlinear Raman 
interaction depends on the polarizability of the lattice, which is the change in its electric 
susceptibility χ due to excitation of the crystal. This means that the dielectric function varies 
slightly with lattice spacing. If u is a coordinate describing the phonon normal modes, this 
dependence can be written as a Taylor series expansion: 
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𝜀(𝜔, 𝑢) = 𝜀(𝜔) + �
𝑑𝜀
𝑑𝑢
� 𝑢 −

1
2
�
𝑑2𝜀
𝑑𝑢2

� 𝑢2 + ⋯ (9) 

Since 𝑷 = 𝜀𝑬, this means that the dipole moment induced by the incident electric field is 

𝑷 = 𝜀(𝜔)𝑬+ �
𝑑𝜀
𝑑𝑢
� 𝑢𝑬 −

1
2
�
𝑑2𝜀
𝑑𝑢2

� 𝑢2𝑬 + ⋯ (10) 

It is the small nonlinear terms 𝑢𝑬, 𝑢2𝑬, ..., that generate the weak Raman side-bands. The 
phonon coordinate for a mode with frequency Ω has the form 

𝑢 = 𝑢0 𝑐𝑜𝑠Ω𝑡 (11) 

whereas the incoming electric field has the form 

𝑬 = 𝑬0 𝑐𝑜𝑠𝜔𝑡 (12) 

Then the induced dipole moment contains terms [𝑐𝑜𝑠Ω𝑡]𝑛 𝑐𝑜𝑠 𝜔𝑡, where 𝑛 = 1, 2, 3,…. From 
standard trigonometric identities, these terms can be expressed in an alternate form 

𝑐𝑜𝑠(𝜔 ± 𝑛Ω)𝑡,     𝑛 = 1, 2, 3,… (13) 

so that the light re-radiated by the oscillating polarization vector has components at the 
frequencies 𝜔 ± 𝑛Ω. The leading term represents Raman-shifted bands at frequency 𝜔 + Ω and 
𝜔 −Ω, the anti-Stokes and Stokes lines, respectively. The other, weaker terms represent the 
interaction of the photon with multiple phonons (𝑛 = 2, 3, 4,...). 

The weakness of the Raman effect can be seen in an expression Cardona (75) gives for the sum 
of intensities of the Stokes and the anti-Stokes lines for the single phonon term in equation 10: 

𝐼 ∝ 𝜔4 �
𝑑𝜀
𝑑𝑢
�
2

〈𝑢2〉 (14) 

The term in angle brackets is the thermal average of the phonon displacement, and the 𝜔4 
dependence is characteristic of light scattering processes. The weakness of single-phonon RS 
results from the dependence on the square of the small polarization term of 𝑑𝜀/𝑑𝑢. Multiple 
phonon scattering contains higher order terms of 𝑑𝜀/𝑑𝑢 that are even smaller, hence, the reason 
for the very weak intensities normally found in multiple-phonon RS. 

Of the two Raman phonon bands, the Stokes modes at 𝜔 −Ω are the stronger, and usually 
dominate in measurements. The mode strengths depend on the number of phonons available, 
which is a count of the distribution of normal mode harmonic oscillators in the lattice versus 
temperature. The results can be derived from the matrix element for phonon creation or 



 

30 

annihilation, which depend on 𝑛𝑸, the number of phonons of wavevector 𝑸. Since 𝑛𝑸 follows the 
Planck distribution function 

𝑛𝑸 =
1

𝑒𝑥𝑝
ℏΩ
𝑘𝑏 𝑇 − 1

 (15) 

where T is the temperature and the relative strength of the lines can be calculated as 

𝐼𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠
𝐼𝑆𝑡𝑜𝑘𝑒𝑠

=
𝐼(𝜔 + Ω)
𝐼(𝜔 −Ω)

=  
𝑛𝑸

𝑛𝑸 + 1
= 𝑒𝑥𝑝−

ℏΩ
𝑘𝑏 𝑇 (16) 

As T → 0, the anti-Stokes line vanishes and the Stokes line dominates at actual measurement 
temperatures. 

Since the scattering process comes from the interaction of the electric field vector and the 
polarization vector, the direction of electric field relative to the crystal geometry defines the 
strength of the Raman signal. The observed intensity is 

𝐼 ∝ |𝒆�𝑖 ∙ 𝐑 ∙ 𝒆�𝑠|2 (17) 

where 𝒆�𝑖 and 𝒆�𝑠 are unit vectors in the directions of the incident and scattered electric field, 
respectively. 𝐑 is known as the Raman tensor and carries the geometric information about the 
crystal. This determines which phonon modes are allowed and forbidden for different 
orientations (65). 

3.2.5 Phonon Dispersion Relations of Graphene 

Graphene is a single, one-atom-thick, sheet of carbon arrange in a honeycomb lattice. This 
honeycomb lattice of graphene consists of two interpenetrating triangular sublattices, as 
illustrated in figure 17. 
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Figure 17. Honeycomb lattice of graphene. 

The sites of one sublattice (blue) are at the centers of the triangles defined by the other (yellow). 
Therefore, the lattice has two carbon atoms per unit cell labeled A and B in figure 17. This 
arrangement is invariant under 120° rotations about any lattice site. 

Since there are two carbon atoms, A and B, in the unit cell of graphene, one must consider six 
coordinates. The secular equation to be solved is thus a dynamical matrix of rank, such that six 
phonon branches are achieved, as illustrated in figure 18. The phonon branch labeling 
convention for graphene includes the standard abbreviation for optical and acoustical modes (i.e., 
“T” for transverse and “L” for longitudinal), but includes an addition “i” and “o” that indicates 
in-plane and out-of-plane as defined by the 2-D lattice of carbon atoms. 

A
B B

A A
B
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Figure 18.  Calculated phonon dispersion relation of graphene showing the iLO, iTO,  
oTO, iLA, iTA, and oTA phonon branches (60). 

3.2.6 Graphene Raman Features 

The characteristic Raman peaks for graphene are the D, D’, G, and G’ bands and are shown in 
figure 19. Here we briefly summarize essential characteristics of each band when a laser 
excitation at 2.33 eV is employed:  

• The presence of disorder in the bulk or defects related to bond termination at edges is 
detected by the so-called disorder-induced D and D’ bands, appearing at approximately 
1345 and 1625 cm–1, respectively. 

• The G band (found in all sp2 bonded carbon materials) located at ~1580 cm–1 is sensitive to 
the C-C bond length, and its line width varies with the doping level. 

• The G’ band at ~2680 cm–1, also known as the 2D band, results from a double and triple 
resonance scattering process and is sensitive to the number of atomic layers. In addition, its 
position can be used to distinguish between electron doping and hole doping.  
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Figure 19.  Raman spectrum of a graphene edge, showing the main Raman  

features, the D/D’, G and G’ bands (60). 

The mechanisms for the above mentioned graphene Raman features are illustrated schematically 
in figure 20. 

 
Figure 20.  (Left) First-order G-band process and (center) one-phonon second-order double resonance 

(DR) process for the D-band (intervalley process) (top) and D’-band (intravalley process) 
(bottom) and (right) two-phonon second-order resonance Raman spectral processes (top) for 
the DR G’ process and (bottom) triple resonance (TR) G’ band process for monolayer 
graphene (76). For one-phonon, second-order transitions, one of the two scattering events is an 
elastic scattering event. Resonance points are shown as open circles near the K point (left) and 
the K’ point (right) (60). 
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3.3. Current Status 

3.3.1 “Rules-of-Thumb” for Raman Spectral Analysis of Graphene 

Raman lineshape analysis is best understood for exfoliated graphene (bulk graphite + tape => 
graphene on substrate). In this case, rules-of-thumb have been developed and correlated to other 
techniques (e.g., AFM) that shed light on the number of layers, stacking order, and defects 
present in the exfoliated structure, as illustrated in figure 21a. On the other hand, it is expected 
that a large area growth techniques like CVD on various substrates will be necessary for 
advancing graphene technology from the research lab to commercial applications. However, 
accurate interpretation of the Raman spectra of graphene grown by CVD has recently been 
exposed as a significant hurdle due to the turbostratic-like stacking that occurs for layer numbers 
>1 (figure 21b). These perturbations are exacerbated on CVD-grown graphene that has been 
transferred to a substrate (e.g., SiO2) due to peak height/position variations related to doping 
effects (77), as shown in figure 22.  Overcoming this obstacle would have a notable impact on 
the graphene community, since the ability to non-destructively discern atomic-level structural 
and topological information such layer stacking sequence, crystalline quality, and number of 
atomic layers is vital knowledge for successful graphene-based nanoscale device fabrication. 
Until this barrier is removed by careful experimental work and analysis, we have decided to 
adopt the following convention suggested by numerous researchers for CVD-grown graphene 
transferred onto SiO2 (with energy of incident light = 2.33 eV): 

• SLG – IG’/IG values >2, G’ FWHM values between 30 and 35 cm–1, and a symmetric G’ 
band centered at ~2680 cm–1. 

• BLG – IG’/IG values between 1-2, G’ FWHM values between 50 and 55 cm–1, and an 
asymmetric G’ band centered at ~2700 cm–1. 

• FLG – IG’/IG values <1, G’ FWHM values >60 cm–1, and an asymmetric G’ band  
>2680 cm–1. 
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Figure 21.  (a) Raman spectra of exfoliated graphene for several different layer numbers and bulk (HOPG) 
graphite. (b) Raman spectra of exfoliated SLG and BLG (Bernal stacked) along with CVD-
grown bilayer turbostratic material (adapted from reference 60). 

 

Figure 22.  G’ peak position as a function of 
substrate type. The observed variation 
indicates a possible doping effect on the 
graphene from the substrate (77). 

SL
BL (Turbostratic)
BL (Bernal)

Bernal Stacked

(a) (b)
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3.3.2 Established Raman Mapping Capability 

A Raman map is obtained by scanning the sample under the incident light beam and collecting 
Raman data at each point defined by the geometry encoded in the scan parameters. As a result, a 
complete Raman spectrum is acquired at each image pixel of the map, resulting in images 
consisting of tens of thousands of spectra. This technique can be used to extract relevant 
chemical, structural, and electronic properties from each spectrum and create a map of the 
distribution of these critical components in a sample with a lateral resolution of a few hundred 
nanometers.  However, due to the large number of spectra, the acquisition time required to 
collect each spectrum is of critical concern. For example, if we assume 22.5-K spectra (typical 
for a 50x50 µm scan region) with a 2-s integration time, the result is a 12.5-h acquisition. In 
addition to the time-wasting long acquisition times, scan drift can be a major problem that must 
be dealt with in order to useful high-resolution Raman images. 

As mentioned in the previous section, large area growth techniques like CVD have—and are 
expected to continue to have—a key role in advancing graphene technology for electronic 
applications. Such growth techniques necessitate a critical need for large-area metrologies such 
as Raman mapping. ARL recognized this, and as a result, has spent considerable time 
researching and procuring a state-of-the-art Raman mapping system, i.e., the WITec 
Alpha300RA (installed June, 2011). The WITec system combines confocal Raman microscope 
and AFM into a single platform that provides true Raman spectral imaging with the additional 
capability to obtain topological information (via AFM) without transferring the sample to a 
dedicated AFM. Since the WITec system was designed from inception for spectral imaging, it is 
built in order to maximize Raman signal sensitivity and sample positioning. Raman images 
developed from acquisition of many thousands of individual Raman spectra can be acquired and 
integrated in a matter of a few minutes rather than many hours.   

The WITec software is also optimized so that images can be defined from Raman peak 
integration, specific peak position, peak width, etc. Hence, multiple images can be developed and 
analyzed from a single collection of Raman spectra. Also, multiple images developed from 
individual peak characteristics can be colored coded and overlaid. This technique often provides 
an image based on subtle differences in composition (e.g., layer number), crystallinity, strain, 
etc. In addition, the WITec system is designed specifically for the highest Raman sensitivity 
within the wavelength range widely used for graphene studies.  One of the key features in the 
design is the use of fiber optics and lens as opposed to use of mirrored surfaces (mirrored 
surfaces result in a huge loss of Raman signal as opposed to only a few percent using WITec’s 
fiber-optic and special optical components). In addition, WITec’s spectrometers are optimized 
for ultra-high signal throughput. The combination of optimal optical components from laser 
couplers, filters, fiber optics, spectrometers, and the latest in electron multiplying charge coupled 
device (EMCCD) detector technology result in unsurpassed Raman sensitivity. This sensitivity 
allows for the complete collection and integration of Raman spectra in as little as 100 ms or less 
(depending on the sample and detector mode).  



 

37 

3.4 Results 

3.4.1 Raman Mapping and Device Fabrication 

The device fabrication engineer must have intimate knowledge of their starting materials in order 
to make judicial decisions during the fabrication process. In the production of graphene-based 
nanoscale devices and sensors, one needs atomic-level structural, chemical, and topological 
information such layer stacking sequence, crystalline quality, and number of atomic layers.  This 
information is required over an area at least as large as the area composing critical device 
regions. Recently, we have obtained just such results on materials grown at ARL and Rice 
University, as illustrate in figure 23. It is instantly recognizable that certain regions would be 
better for device fabrication than others. 

 

Figure 23.  50x50 µm Raman maps of graphene indicating holes, contamination, regions of high defects, and layer 
number. It is evident that certain regions are not suitable for device fabrication. 

3.5 Next Steps: Planned Goals with Time Line 

3.5.1 Experimental 

In order to meet our objective for establishing a high-resolution/large-area Raman mapping 
capability that can provide chemical, structural, and electronic properties of nanomaterials such 
as graphene, we plan to address the following areas of concern: 

• System: Identify and fix any abnormalities using standard samples for controls (Q1FY12). 

• Operator: Develop a standard routine for system calibration, sample alignment, data 
analysis, etc. (Q1–2FY12). 

• Material: Develop methodologies to cope with the variety of responses that are material or 
material “stack” dependent (Q2–3FY12). 

Hole (no Graphene)
Contamination

Defects

Where do I build my device?

Few Layer Graphene (FL)

Single Graphene (SL)

Bilayer Graphene (BL)
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• Correlation: Correlate Raman results to other techniques (AFM, transmission electron 
microscopy [TEM], Optical Contrast) (Q3–4FY12). 

In order to meet these goals, ARL principle investigators will attend an advanced instruments 
and software training courses; engage in standard sample compilation and interrogation; and 
work with the larger community of the Raman spectroscopist, investigating graphene in order to 
better understand perturbations to the current “rules-of-thumb” for identifying layer number, 
peak position, etc., on CVD-grown graphene.  

3.5.2 Modeling 

As discussed earlier, Raman spectroscopy is an important metrology tool to study graphene 
material properties (78) and has been shown to unambiguously identify BLG for exfoliated 
samples. For large-area applications, however, CVD is the state-of-the-art method to grow 
graphene. The Raman signature for exfoliated BLG has not been seen for CVD-grown graphene 
and this may be attributed to the misalignment of graphene layers. This has lead to confusion in 
the literature with many claiming they have grown BLG (and the definition of varying “rules-of-
thumb” when examining Raman signals) when in fact they may be seeing “doping” or other 
effects (77).  We are leveraging the Multiscale Multidisciplinary Modeling of Electronic 
Materials (MSME) and the In-house Initiative for Multiscale Modeling of Materials (I3M) to 
model BLG and the effects of layer alignment on the Raman signal.  We also plan to collaborate 
with MIT on other methods of identifying BLG (such as AFM and TEM). Our goal is to 
understand the Raman signal of CVD-grown graphene and use this knowledge to understand the 
quality of CVD-grown graphene. This will occur in Q4FY12. 

4. Radio Frequency (RF) CVD Graphene FETs 

4.1 Experiment and Discussion 

This year we have also made progress on (1) the construction of graphene transistors with an 
extrinsic cut-off frequency of 3 GHz and (2) characterization of mobility enhancement of the 
carrier mobility by using BN as a substrate for graphene.  

4.1.1 Graphene Field Effect Transistors with a 3-GHz Current Cut-off Frequency 

A new mask set was designed for the construction of graphene FETs.  The new mask set 
included transistors with a shorter gate length, 1.5 µm, than the previous mask set, 3 µm, as well 
as a structures more optimized for reduced parasitic to provide for higher frequency operation.  
Figure 24 shows micrographs of the entire new mask and a single transistor. Graphene on SiO2 
substrates are cleaned with acetone/methanol/isopropanol followed by a de-ionized (DI) water 
rinse and N2 dry. Samples are baked for 5 min at 125 °C to accelerate removal of solvent. 
AZ5214 photoresist is coated and source/drain contact regions are patterned by image reversal. 
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Then, 5-nm titanium (Ti)/100-nm gold (Au) is evaporated and the substrates are soaked for 24 h 
in acetone, followed by liftoff using rinses in acetone/methanol/isopropanol/water (H2O). In 
order to minimize damage, liftoff is performed with gentle pipette rinsing and no ultrasonication.  

 

Figure 24.  Micrographs of the new layout: (left) complete mask and (right)  
single transistor with a gate length Lg = 1.5 µm. 

Following source/drain formation, graphene channels are patterned with AZ5214 and defined 
using a direct O2 plasma etch (20 sccm O2/70 W). Substrates are solvent-cleaned and gate 
dielectric is deposited by room temperature evaporation of a 9.1-nm SiO2 interfacial layer, 
followed by 250 °C thermal atomic layer deposition (ALD) of 15.2 nm of aluminum oxide 
(Al2O3) using trimethylaluminum (TMA) and H2O in a Cambridge Nanotech Fiji ALD system. 
The ALD is enabled by nucleation from the evaporated SiO2. The film thicknesses are 
determined from spectroscopic ellipsometry and capacitance-voltage measurements of the 
identical films deposited on Si. Top gates are formed identical to the process for source/drain and 
have a length, Lg = 1.5 µm with a source/drain access length, Lgs/Lgd = 1.5 µm (distance between 
gate and source/drain). 

Figure 25 shows the gain versus frequency extracted from the measured scattering (S) 
parameters collected with an Agilent E8361A network analyzer using 125-µm pitch ground-
signal-ground probes and a power level of –17 dbm (~0.09 Vpp) to modulate the gate. With Vgs = 
2.0 V, Vds = 5.0 V, and Vbs = 0.0 V, the fT is ~3 GHz. It is expected that even higher frequency 
performance should be possible with further reduction in Lg. In comparison, 3.0-µm gate length 
transistors constructed have a demonstrated fT = 1 GHz. 

New RF Mask Set Deployed 
in SEMASC

Gate

Drain

Source

Transistor Layout 
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Figure 25.  Gain vs. frequency with an fT  of 3 GHz. 

4.1.2 Graphene Field Effect Transistors using Boron Nitride Substrates 

Transistors are constructed with Ti/Au (5 nm/90 nm) source/drain formed by e-beam evaporation 
and liftoff. The gate length, Lg = 40 µm, width W = 100 µm. The n+ Si was used as the back-
gate. Electrical data were collected using a Keithley 4200.  Figure 24 shows a device schematic 
and biasing. Data were collected at room temperature and 5 mTorr following exposure of the 
device for 15 h under vacuum and a 375 K in-situ anneal.  Figure 26 shows the measured transfer 
characteristics and field-effect mobility as a function of the gate voltage (Vgs). The peak mobility 
for holes and electrons is 3000 and 1500, respectively.  

                

Figure 26.  (Left) Schematic of grapheme-on-BN transistor and biasing and (right) measured transfer 
characteristics and field-effect mobility. 
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Figure 27 shows comparison with co-processed graphene-on-SiO2 devices with a peak mobility 
of <100 cm2/Vs. The mobility for this graphene-on-BN is significantly larger than typical reports 
for CVD graphene on SiO2 by several workers. 

                

Figure 27.  (Left) Schematic of graphene-on-SiO2 transistor and biasing and (right) measured transfer 
characteristics and field-effect mobility. 

4.2 Summary 

In this work, we have designed/process/tested/analyzed in-house 3-GHz extrinsic technology. 
We have also studied the mobility in graphene supported by BN. Transitions of graphene FETs 
were made to RDRL-SER-E (for insertion into RF circuits), MIT (validation), and ONAMI (dual 
use application in IR detectors). 

4.3 FY-2012 Proposed Work Timeline 

Figure 28 shows the proposed work timeline for this task. 

 

Figure 28. Proposed work timeline. 
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The primary goal in FY2012 is to achieve higher frequency devices and to use the technology in 
new or novel applications. The technology has already been transitioned to the ARL Electronics 
Technology Branch, Oregon State University, and MIT. 

5. Carbon Nanotube/Graphene Supercapacitors 

5.1 Introduction 

Supercapacitors have several advantages over conventional batteries, including higher specific 
power (~2 orders of magnitude higher), higher cycle life (millions of charge/discharge cycles), 
rapid charge/discharge times (seconds to minutes), high efficiencies (up to 98%), and unaltered 
performance in extreme heat and cold.  Increasing supercapacitor energy and power densities 
will make them more useful for portable power applications.  Carbon materials with improved 
surface area would increase the capacitance of supercapacitors.  Two materials being studied for 
this are single-wall CNTs and graphene (G).  Extremely large capacitances may be obtainable if 
these materials can be assembled in a manner that optimizes the electrode surface area that is 
accessible to the electrolyte.   

This supercapacitor work has focused on developing CNT- and G-based electrodes that will store 
more energy and deliver more power than activated carbon electrodes, which are the commercial 
standard.  From our analysis of the literature, no one has yet demonstrated CNT supercapacitor 
performance that greatly exceeds activated carbon.  This is likely because CNTs form bundles 
during the deposition process, which makes the electrode surface area less accessible to the 
electrolyte.  An scanning electron microscopy (SEM) image of drop cast CNTs is shown in 
figure 29.  

 

Figure 29.  SEM of drop cast CNT electrode showing  
5–35 nm CNT bundles and no individual CNTs. 
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After comparing a number of solution-based CNT electrode fabrication methods with little 
improvement in the observed capacitance, we have concluded that the solution to this problem 
will rely on the inclusion of other nanomaterials in the electrodes, which will act as spacers 
between the CNTs and graphene sheets, which will improve the accessible surface area (79).  
Figure 30 displays examples of four electrode fabrication methods performed in the comparison. 

 

Figure 30.  Electrode fabrication methods investigated included:  
(a) drop casting, (b) air brushing, (c) filter and transfer,  
and (d) electrospraying. 

Some have speculated that another limiting factor reducing the capacitance of CNT electrodes is 
that semiconducting CNTs have significantly lower quantum capacitance (due to a lower density 
of states) than metallic tubes and so will not contribute significantly to the achieved capacitance.  
This would be significant since the natural abundance of semiconducting CNTs is twice that of 
metallic ones.  Therefore, two thirds of the electrodes active material may be effectively dead 
weight.  

5.2 Experimental Description 

In order to investigate the relative capacitance of semiconducting and metallic CNTs (80), we 
acquired ultra-density centrifugation separated metallic (M-) and semiconducting (SC-) CNTs 
sold in a mat form that has had the surfactant removed.  Drop casting solutions made with 
varying ratios of M- and SC-CNTs in n-methylpyrrolidone (NMP) resulted in capacitances 
similar to those seen previously when using surfactant-free solutions.  The result of this 
experiment is that M-CNTs appear to contribute slightly more capacitance on a Farads per gram 
(F/g) basis, although this is not a statistically significant result, as shown in figure 31.  In fact, 
when the CNT mats are measured directly the metallic tubes yielded 15.4 F/g versus 19 F/g for 
the semiconducting mat.  
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Figure 31.  A plot of specific capacitance of CNT electrodes as a function of the  
percentage of metallic CNTs in the electrode.  The metallic tubes appear  
to have slightly more capacitance, but this result cannot be claimed to be  
statistically significant. 

In order to investigate whether the quantum capacitance is a limiting factor, electrodes were 
tested using 1- and 18-M sulfuric acid.  Since the measured electrode capacitance is a series sum 
of the electrolyte’s double layer capacitance and the electrode’s quantum capacitance with the 
smaller of the two dominating the capacitance (1/Cmeas = 1/Cdl + 1/Cqc), by using an electrolyte 
with higher Cdl, a higher capacitance should be measured unless the Cqc is limiting the 
capacitance.  A solution of 18-M sulfuric acid is calculated to have 4.6 times greater double layer 
capacitance since it has insufficient water molecules to form more than one solvation sphere, 
resulting in smaller solvated ions, which can be packed more densely on the electrode surface.  
When measuring CNT mat electrodes in 1-M and then 18-M sulfuric acid, an increase in 
capacitance is indeed observed (as reflected by an increased area within the cyclic 
voltammograms [CVs]) for both metallic and semiconducting CNTs, as shown in figure 32.   
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Figure 32.  CV curves for SC- and M-CNT mat electrodes in 1- and 18-M 
sulfuric acid.  The 18-M sulfuric acid, which has a higher intrinsic 
capacitance relative to 1-M acid, produces increased capacitance, 
indicating that the quantum capacitance of the CNTs is not yet 
limiting the capacitance. 

The work on graphene-based electrodes has proven more promising.  Graphene-based electrodes 
have been fabricated by three methods.  In the first method, graphene oxide solution is drop cast 
onto metal current collectors followed by thermal reduction of the graphene oxide to graphene.  
These electrodes have resulted in ~150 F/g from the graphene. In the second method, Kevlar is 
used as a support for CNT and graphene-based electrodes—to produce a novel electronic textile 
(81).  In this case, a student intern fabricated electrodes by dip coating metalized Kevlar fibers 
with a graphene oxide solution followed by thermal reduction to produce graphene (images 
shown in figure 33).  Up to 120 F/g specific capacitance was been achieved at low mass 
loadings, but the specific capacitance drops off as the mass loading is increased.   

 

Figure 33.  Photograph of dip coating of graphene onto Kevlar (left) and SEM  
image of graphene-coated Kevlar fibers (right). 

A third fabrication method has been pursued in collaboration with Prof. Woo Lee of Stevens 
Institute of Technology (82).  Prof. Lee’s group is inkjet printing a graphene oxide solution, 
followed by thermal reduction with an eye towards producing flexible supercapacitors targeted at 
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Armament Research, Development and Engineering Center (ARDEC) applications.  Together, 
we demonstrated the first inkjet-printed reduced graphene oxide supercapacitors.  We achieved 
132 F/g and good power performance using inkjet printing, which will enable inexpensive, 
lightweight, and flexible supercapacitors.  This work is ongoing.  

In another collaboration, Prof. Tomas Palacios’s group at MIT has provided us with large-area 
single-layer graphene electrodes (80).  This has enabled us to measure the capacitance of single-
layer graphene without the complicating factors of graphene restacking.  Initial results indicate 
that at a minimum 550+ F/g (double layer only) capacitance is achievable with SWCNTs and 
graphene, which is far higher than the ~40F/g that we typically achieve with CNTs and the  
~150 F/g we achieve with thick films of graphene.  That measurement apparatus used is shown 
in figure 34. 

 

Figure 34.  Large-area SLG electrode under test. 

As a supplement to my research, we produced a successful FY10 Small Business Innovation 
Research (SBIR) topic: “Carbon nanotube (CNT)/graphene based supercapacitors,” which was 
endorsed by the Natick Soldier Research Development and Engineering Center (NSRDEC), 
CERDEC, the Program Manager (PM) Power and Energy, and PM Soldier Power.   This topic 
received 53 proposals and resulted in the funding of two companies.  One, JME, Inc., has 
demonstrated 15-kHz supercapacitors (83) while the other, Vorbeck Materials Corp., has 
reported 250 F/g using graphene with nanoparticles with an ionic liquid electrolyte.   

5.3 Result Analysis 

With the observation that purified metallic and semiconducting CNT electrodes do not produce 
significantly different specific capacitances (80), we conclude that semiconducting CNTs do not 
have a negligible contribution as has been speculated by some, and that the potential to increase 
the specific capacitance through the use of chirally pure CNTs would be of only marginal benefit 
and significant cost.  The lack of significant difference observed between metallic and 
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semiconducting CNTs also appears to indicate that the CNT density of states (of which SC-
CNTs should have fewer) is not a significant limitation on the capacitances achieved with CNTs, 
at least at the specific capacitances currently achieved with CNTs.   While the experiments 
comparing capacitances with 1- and 18-M sulfuric acid electrolyte also indicate that Cqc is not a 
significant limiting factor, further observations result in a more complicated story.  After 
measuring in 18-M acid, going back to 1-M acid does not return the capacitance to the value 
previously measure with 1-M acid.  The capacitance has apparently been increased due to the 
testing in 18-M acid.  It can be seen in the CV curves that the 18-M acid has added functional 
groups to the CNTs.  These may be increasing the capacitance by propping the CNTs apart or 
they may be increasing the wettability of the electrodes, resulting in more accessible surface 
area.  In addition the 18-M acid may be removing surface contaminations that act as a 
capacitance reducing dielectric layer.  The increased capacitance does not appear to be due to the 
pseudocapacitance of the functional groups, which adds only a small amount to the area inside of 
the CVs.  It is possible that the smaller difference in capacitance seen going from 18- to 1-M acid 
may indicate that Cqc is starting to contribute to the capacitance limits, but more work is 
necessary before drawing that conclusion.  

While our experiments comparing the capacitance of metallic and semiconducting SWCNTs 
have shown that there is not a large difference in capacitance between these types of CNTs, this 
should not be taken as the last word on this.  If the observed capacitances are limited by a surface 
contamination of the CNTs, which is reducing the Cdl to the point that it is the limiting factor, 
then increasing the Cdl by removing the contamination could then increase the significance of the 
Cqc in limiting the measured capacitance, and differences in the Cqc’s between the metallic and 
semiconducting CNTs may become more pronounced.  If the observed capacitances are limited 
by CNT bundling reduction of surface area, then the measured differences between the metallic 
and semiconducting SWCNTs should persist with increases of specific capacitance.  This is 
because the Cdl:Cqc ratio should not be affected by surface area.  This is not immediately obvious 
in the case of bundled CNTs, where the interior CNTs could supplement the Cqc of the outer 
CNTs to produce a larger effective Cqc and thereby support a greater Cdl at the outer CNT 
surfaces.  However, this is not likely to be much of a factor since the inner CNTs are too far 
away from the electrolyte to produce much capacitance. 

With our large-area single-layer graphene electrodes, we have initial results showing that SLG 
has a potential specific capacitance of at least 550 F/g (perhaps double that if both sides are 
exposed to the electrolyte).  Attempts to reproduce this measurement more precisely are under 
way, since the original measurement included sufficient resistance that the ultimate specific 
capacitance is still unclear.  This measurement should also be a good model for the specific 
capacitance of SWCNTs since only one side of the SLG was exposed to the electrolyte. This 
indicates that there is potential for significant improvement with thick-film CNT and graphene 
electrodes.  Therefore, we conclude that the electrode fabrication methods we have used are not 
producing the optimum accessible surface area.  We believe this is due to bundling of the CNTs 
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or restacking of the graphene sheets.  Since the electrode fabrication methods investigated are 
not able to optimize the electrode surface area,  we are turning our efforts towards using a  
combination of graphene, CNTs and nanoparticles, where the added nanomaterials will act as 
spacers preventing tight bundling or restacking.  This will increase accessible surface area and 
eventually will be used to add additional energy storage through the use of pseudocapacitive 
materials that store energy through redox reactions similar to those in batteries.  

The demonstration of 15-kHz supercapacitors by our SBIR partner JME, Inc. (figure 35), is an 
important milestone as it will allow supercapacitors to compete for applications previously 
reserved for dielectric or electrolytic capacitors (83).  For comparison, commercial 
supercapacitors typically have time constants of around 1 s.  The achievement of 250 F/g by 
Vorbeck Materials (84) is pushing the limits of what has been achieved with graphene electrodes 
and this will enhance our in-house work through material and information exchange, in addition 
to pushing this technology forward to commercialization and deployment.  

 

Figure 35.  (Left) SEM of vertical graphene sheet array and (right) demonstration of high frequency 
performance (83).  

5.4 Conclusion 

Supercapacitors have several advantages over conventional batteries.  Increasing supercapacitor 
energy and power densities through the incorporation of graphene and CNTs will make them 
useful for many more portable power and power conditioning applications.  Our experiments 
with metallic and semiconducting CNTs have shown that density of states/quantum capacitance 
is not limiting the capacitance achieved with CNTs.  Therefore, it is likely that bundling of the 
tubes is limiting the capacitance achieved, so that adding additional nanomaterials may be a 
viable route to improving performance.  Our work with model SLG electrodes demonstrate a 
potential capacitance increase of over 4 times more than activated carbon, which is used in 
commercial supercapacitors (if the electrode fabrication can be fully optimized).  Our SBIR 
partner Vorbeck Materials has already captured a large fraction of this potential performance 
while our other SBIR partner JME, Inc., has demonstrated high frequency performance opening 
up new applications. While supercapacitors may find niche applications where they can be the 
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sole power source, in most applications, they will be part of a hybrid system providing load 
leveling to a battery, fuel cell, energy harvester, or other energy source.  In this way, the 
supercapacitor will enhance the performance of the battery or other power source.  In addition, 
there will also be important supercapacitor improvements due to the mechanical properties of 
CNTs/graphene.  For instance, CNTs and graphene lend themselves to flexible, conformal, or 
integrated supercapacitors that would be useful for applications where there is little available 
space.   

As always we are keeping our Research, Development & Engineering Center (RDEC) partners 
informed of our work as well as the work that is being done in our two funded SBIR contracts.  
Doing so will help in the transitioning of the developed technology to systems that benefit the 
Soldier. 

5.5 Summary 

Fundamental studies of CNT and graphene based electrodes indicate that there is significant 
room to improve the performance of these materials in Supercapacitor applications.  An ultimate 
capacitance of 550+ F/g appears achievable, with these materials, which is more than 4 times 
that which can be achieved with activated carbon. 

5.6 FY12 Proposed Work and Timeline 

In the coming year we will fabricate packaged inkjet printed flexible graphene-based 
Supercapacitors (Q1).  We will use these prototype devices to demonstrate the capabilities of this 
technology to our RDEC partners while we work on optimizing the electrode and current 
collector materials (Q2–4).  Mixtures of graphene with other nanoparticles will be investigated 
for improved performance, and a new graphene nanoplatelet material from XG Sciences will also 
be evaluated (Q1–4).  In addition, a prototype high frequency supercapacitor fabricated by our 
SBIR partner JME, Inc., will be tested with an ARDEC energy harvester simulator to determine 
whether a supercapacitor can be used in this high frequency and high overvoltage application 
(Q1).  We will also try to obtain purified metallic and semiconducting CNTs from a 
collaboration with IBM to see if higher capacitances can be achieved with their CNTs, which 
may start to reveal a Cqc contribution to the limits on achievable CNT capacitance (Q4).  Initial 
work into adding pseudocapacitance to graphene based electrodes will also be started (Q2–Q4). 

6. Simulation and Modeling 

The work is discussed in section 3 along with graphene Raman characterization 
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7. Conclusions 

The following tasks were accomplished: 

• Attained successful growth of SLG, BLG, and FLG using LPCVD and APCVD systems. 

• Developed a process for transferring graphene onto a device-quality substrate. 

• Developed a process for an ALD process for dielectrics and metallic atomically smooth 
layers. 

• Modeled, designed, and fabricated graphene FETs.  

• Established a novel infrastructure for testing and evaluation of graphene transistors and 
electronics. 

• Tested graphene devices for RF performance up to 3 GHz.  

7.1 Transitions 

We developed a Technology Program Annex (TPA) with CERDEC and started two SBIRs on 
the technology of graphene supercapacitors.  Discussion is in progress with ARDEC for energy 
harvesting and Defence Advanced Threat Reduction Agency (DATRA) on sensors applications.   

7.2 Future Research 

The following is a summary of future research: 

1. G-growth, doping, and domain study: 

• Optimize the pressure, temperature, cooling rate, and post annealing under different 
gases. 

• Mix gases during/after G-growth, optimize transfer process, and selection of substrates:  
BN and aluminum nitride (AlN). 

• Optimize catalyst size, orientation, surface smoothness, and grain boundaries.  

2. ALD of dielectric contacts: 

• Stabilize and analyze deposition parameters for reliable films deposition. 

• Study dielectric behavior for the highest possible electrical breakdown device 
applications. 

• Study the deposition condition for low resistivity.  
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3. Characterization:  

• Raman spectroscopy for single- (S), bi- (B), and multi- (M) layers (L); defects centers 
and domain boundaries 

• AFM/Raman for focused areas evaluation  

• High-resolution transmission electron microscopy (HRTEM) for defects and domain 
structures 

• Electrical characterization for doping evaluation  

4. Device test structures:  

• Develop internal process and fabrication capabilities to prototype device test structures. 

• Develop tech to scale down to nanometer size and device test structures. 

• Design and develop a tools setup to study devices’ electron, hole, and scattering 
behavior.  

5. RF testing:  

• Collaborate with RF Branch to measure and evaluate RF performance for specific 
applications.  

6. Modeling:  

• Device physics modeling 

• Electronic device modeling 

• Basics of electron, holes, doping, impurities, and scattering centers in graphene 
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