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CNMS Facilities Requested 

NANOMATERIALS SYNTHESIS AND FUNCTIONAL ASSEMBLY 

NANOMATERIALS THEORY INSTITUTE

IMAGING AND NANOSCALE CHARACTERIZATION 

NANOFABRICATION RESEARCH LABORATORY 

MICROSCOPY, NEUTRON, and X-RAY SCATTERING   

Scheduling Considerations 

Samples and Identification of Hazards



User Access Mode
For definitions of User Access Modes see

State in your own words the reasons that led you to propose performing this research at the CNMS as opposed to some 
other facility, i.e., why are CNMS facilities or expertise needed? (limit to 2 lines).

Have you contacted a CNMS staff member to discuss the feasibility of your project? 
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DESCRIPTION OF PROPOSED RESEARCH

The description must be limited to a maximum of 2 pages, including text and figures. PIs are encouraged to consult 
the CNMS Proposal Evaluation Guidelines used by reviewers at 
http://www.cnms.ornl.gov/about_cnms/eval_guidelines.shtm.

ADDRESS EACH OF THE FOLLOWING QUESTIONS IN A SEPARATE SECTION. 

What is/are the main scientific question(s) that you plan to address?
The unique thermal, electrical, and optical properties of graphene1 may 

enable many potential applications involving this material, especially in the area 
of nanoelectronics2. Among the many different methods of graphene synthesis, 
chemical vapor deposition (CVD) is the most attractive since it allows one to 
grow graphene on metal catalyst (e.g, Cu, Ni) patterned substrates.3 The 
majority of the recent studies are limited to simple empirical optimization of the 
CVD growth parameters.  However, the growth mechanism of graphene is not 
very well-understood, thereby hindering the understanding required for potential 
applications and the major challenges are: (1) Control nucleation density and 
number of layers, (2) Rapid growth  over large areas (“supergrowth?”), and (3) 
Growth of large, single-crystalline grains. 
  An important question that is directly related to the discovery of new 
synthesis methods is whether graphene grows isothermally4, i.e., at the growth 
temperature, as it occurs in the case of catalyst-assisted carbon nanotube growth, 
or upon cooling5,6?  Surprisingly, the majority of published studies on Ni-CVD 
graphene growth are based on the premise that growth occurs during cool-down 
after deposition assuming dissolution precipitation mechanism, with no strong 
experimental evidence for such a view. Another question relates directly to the 
primary building blocks for graphene growth: does it grow from carbon atoms 
through the dissolution-precipitation mechanism, carbon clusters, or more 
complex intermediates through pure chemical assembly? Also, it is important to 
understand how fast graphene can be grown.  Typically, it takes minutes to grow 
graphene on Ni and Cu.  Can one grow graphene faster and what factors limit the 
growth rate?  Considering that CVD growth of graphene is remarkably similar to 
that of carbon nanotubes - i.e., cap formation on a metal nanoparticle during the 
initial stages of nanotube growth is much like graphene growth on metal surfaces 
- our pulsed CVD approach (Fig.1a,b) developed for real-time studies of nanotube growth7-9 can be applied directly 
to monitor and control graphene growth. For example, mounting evidence from our in situ diagnostics studies of 
nanotube growth indicate that the initial stages of carbon nanotube growth include a flux dependent induction time8

(Fig. 1c), which can be described by autocatalytic kinetics, and begs the question: can the same kinetics describe the 
initial stages of graphene growth? Here we propose to perform UV-Raman spectroscopy at high temperatures at 
the CNMS in conjunction with our pulsed CVD approach to explore the role of feedstock flux in driving the growth 
kinetics of graphene.

Outline the overall technical approach that you plan to use to address the above questions. This section 
should provide the context for research tasks described below in sections (3), home institution activities,
and (4), CNMS research. 

To understand how graphene grows on “catalytic” metal films such as Ni - i.e., isothermally at the growth 
temperature or during cool down - and to explore its growth kinetics, we have proposed to combine pulsed CVD and 
several in situ optical diagnostics techniques, namely Raman scattering, direct optical imaging, and time-resolved 
reflectivity.  Pulsed CVD approach will allow us to grow graphene incrementally, to limit the time available for 
nucleation and growth, and to measure transient nucleation and growth kinetics. In this proposal we’ll focus on the 
use of in situ UV-confocal micro-Raman spectroscopy to explore the growth of graphene using well-defined pulses 
of hydrocarbon gas to understand growth mechanisms and kinetics.  

Fig. 1. (a) Pulsed CVD approach 
to probe nanotube growth 
kinetics. (b) Fast kinetics of 
SWNT nucleation and growth 
measured in situ. (c) C2H2 flux 
driven kinetics of SWNT growth 
[7-9]



What research tasks will be carried out at the users’ home institution or elsewhere outside of the CNMS? 
Include any preliminary syntheses, measurements, or tests that have been/will be performed in 
preparation for the proposed research at the CNMS.

We’ll provide a modified microscope Linkam stage (TS1500), which is capable to operate at low gas pressures 
required for this study.

Describe very clearly and specifically the research tasks to be carried out at the CNMS and the expected 
outcomes from the CNMS tasks. Include any technical milestones that must be met for the research to 
be successful.

In this proposal we will focus mainly on the following two research tasks.
1. Feedstock flux dependence of graphene growth mode and kinetics.

To grow graphene we’ll use a high temperature microscope stage (Linkam TS1500), which is modified to 
operate at low gas pressures.  Some of the metal catalyst films will be deposited at CNMS using the Controlled 
Atmosphere Dual Glove Box Evaporateor System. C2H2 gas pulses (ms-durations) will be ejected into the fast flow 
of Ar/H2 through the microscope Linkam stage using a pulsed valve and graphene growth will be monitored in situ
using Raman scattering. In the proposed experiments the Raman measurements will be conducted at high 
temperatures (700-900 C).  Therefore, the black body radiation background is a big issue in these measurements.  To 
minimize the blackbody radiation background in the Raman spectra during in situ monitoring of graphene growth at 
the elevated temperatures, we plan to use UV laser excitation (provided by Tunable Raman system at CNMS),
which gives a small background. We expect that, similar to SWNT growth, both surface-growth and 
dissolution/precipitation can exist under certain circumstances. To determine if there is a clear crossover point or 
region, we will explore the feedstock flux dependence in selectively driving surface growth processes using pulsed 
CVD and in situ Raman scattering measurements. Using this approach we expect to find the conditions for fast 
surface driven growth of graphene and understand its growth kinetics at different growth regimes.

  
2. Kinetics of layer formation and evolution during graphene growth.

For some applications graphene with the specific number of layers is required.  Therefore it is important to 
understand how the layers are forming during graphene growth.  We propose to addres this problem using in situ
UV Raman scattering measurements through simultaneous detection of the G- and 2D-Raman bands.  This real time 
measurements of  the 2D/G ratio, which is directly related to the number of graphene layers (in the case of a few 
layer graphene) will allowed us to understand the mechanism and kinetics of graphene layer formation.  Using this 
approach we’ll be able to answer the questions if it is possible to control the number of layers using for example 
short pulses of a feedstock gas.

Provide an overall timeline for the CNMS tasks and describe how each facility/instrument that is checked 
on p. 2 will be used, including estimates of the number/quantities of samples, instrument time, CPU time, 
etc.

Each of the two tasks outlined above will require 15 days of the tunable Raman system time.  The total 
required time is 30 days.  In addition, approximately 10-15 samples should be analysed using SEM and 3-4 samples 
using aberration corrected microscopy at the ShaRE facility.  To prepare graphene samples for TEM measurements 
we also will need laser processing facility to perform graphene cleaning after it transfer to a TEM grid.

What is your team’s specific experience and expertise relevant to this research project?
Recently, we have developed methods to study the response of catalytically active surfaces to instantaneously 
changing source gas flux in a form of well defined pulses.  The key feature of this pulsed CVD method is the use of 
real-time diagnostics based on time-resolved reflectivity (TRR) of a laser beam from the catalyst-coated substrate 
sampled at 200 Hz. Detailed computational models of the gas pulse evolution were developed to extract the kinetics 
of carbon nanostructure growth.[7-9] Here we propose to use similar approaches to understand the growth 
mechanisms of graphene.
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The section below is for PARTNER USER proposals only

PARTNER USER proposals only: What unique, new capabilities will be developed at the CNMS as a result of 
this approach? How will these contribute to future research by other CNMS users?


