
HAVENER ET AL. VOL. 6 ’ NO. 1 ’ 373–380 ’ 2012

www.acsnano.org

373

December 29, 2011

C 2011 American Chemical Society

High-Throughput Graphene Imaging
on Arbitrary Substrates with Widefield
Raman Spectroscopy
RobinW.Havener,†,z Sang-Yong Ju,‡,§,z Lola Brown,‡ ZenghuiWang,‡MichalWojcik,‡ Carlos S. Ruiz-Vargas,†

and Jiwoong Park‡,^,*

†Department of Applied and Engineering Physics, ‡Department of Chemistry and Chemical Biology, and ^Kavli Institute at Cornell for Nanoscale Science, Cornell University,
Ithaca, New York 14853 and §Department of Chemistry, Yonsei University, Seoul 120-749, Republic of Korea zThese authors contributed equally to this work.

G
raphene, a single sheet of sp2-bonded
carbon atoms, has attracted enor-
mous attention due to its unique

electrical and optical properties and high
mechanical strength.1 Large-scale graphene
production has recently been achieved
through chemical vapor deposition (CVD)
on metallic substrates,2,3 but CVD grown
graphene samples can vary greatly in terms
of number of layers, grain size, and defect
density. To optimize growth conditions and
fabricate large-scale devices on-chip, it is
necessary to map and characterize large
areas of graphene during device fabrication.
White-light reflection optical microscopy is
a simple and rapid technique for identifying
graphene on a sample, but it can only be
used on certain substrates (such as silicon
with a specific oxide thickness4). Other imag-
ing modalities, such as fluorescence-based
imaging5 and fluorescence quenchingmicro-
scopy,6 have recently been developed to
overcome this limitation, but provide almost
no information about graphene quality. To
this end, Raman spectroscopy has been used
extensively to probe sp2-bonded carbon ma-
terials, providing information about defect
or dopant density,7�12 mechanical strain,13

electron�phonon interactions,7,11,14 and
number of graphene layers.3,9,12,15 To study
materialsonasubstrate,Ramanmeasurements
are typicallyperformed inaconfocalgeometry,
where detailed spectral information can be
obtained at the location of a focused laser
spot (Figure 1A).
However, spatial mapping of a sample

with confocal micro-Raman is limited due
to the technique's low throughput. To
create an image, the laser spot is raster-
scanned across the sample to generate a
two-dimensional map of a specific Raman
band (see Figure 1A for a schematic). The
image acquisition speed is limited by the

low efficiency of Raman scattering and
the laser power (restricted by the damage
threshold, below 2 mW for confocal illumi-
nation of graphene16). As a result, a diffrac-
tion-limited image of an area of tens of
micrometers across typically requires hours
to acquire, making micro-Raman ill-suited for
rapid large-scale imaging of graphene.
Another alternative is to employ wide-

field Raman imaging (also known as global
or direct Raman imaging),17�22 which is
illustrated in Figure 1B. In this imaging
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ABSTRACT

Raman spectroscopy has been used extensively to study graphene and other sp2-bonded

carbon materials, but the imaging capability of conventional micro-Raman spectroscopy is

limited by the technique's low throughput. In this work, we apply an existing alternative

imaging mode, widefield Raman imaging (WRI), to image and characterize graphene films on

arbitrary substrates with high throughput. We show that WRI can be used to image graphene

orders of magnitude faster than micro-Raman imaging allows, while still obtaining detailed

spectral information about the sample. The advantages of WRI allow characterization of

graphene under conditions that would be impossible or prohibitively time-consuming with

other techniques, such as micro-Raman imaging or reflected optical microscopy. To

demonstrate these advantages, we show that WRI enables graphene imaging on a large

variety of substrates (copper, unoxidized silicon, suspended), large-scale studies of defect

distribution in CVD graphene samples, and real-time imaging of dynamic processes.
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mode, a planar sample is illuminated with a large
collimated (or defocused) laser spot, and the Raman-
scattered light from the entire illuminated area is
imaged with an objective lens and a CCD camera after
filters select for a specific Raman band. The laser power
used to illuminate the sample can be orders of magni-
tude stronger than that used in micro-Raman imaging,
but the power is distributed over a much larger area,
preventing damage to the sample. This allows for rapid
acquisition of large-area, diffraction-limited images.
Additionally, imaging spectroscopy can be used in a
line mapping geometry to obtain high spectral resolu-
tion Raman spectra once an area of interest is identified
(see Figure 2).20,23 Widefield Raman imaging (WRI) has
been successfully employed for a variety of applica-
tions in chemistry, biology, and materials science.17�20

Applying this existing technique to image graphene
and other sp2-bonded carbon materials on planar
substrates is straightforward. Widefield Raman images
can be acquired at wavelengths corresponding to the
known Raman bands of these materials (G, D, 2D) by
using the appropriate optical bandpass filters.17�20

However, despite the fact that Raman spectroscopy is
used to characterize sp2-bonded carbon materials so
frequently, WRI was only recently applied to carbon
nanotube imaging,21,22 and the time-consuming
micro-Raman technique is still the standard tool for
Raman imaging of graphene. In this paper, we first
demonstrate that WRI indeed enables rapid, large-
scale, and nondestructive characterization of graphene,
while providing spectral information comparable
to that obtainable with confocal Raman. Then we
showcase the advantages of WRI in three important
applications described below, which establish WRI as a

powerful and versatile characterization method for
graphene at different stages of growth and device
fabrication.
First, we show that unlike white-light optical

microscopy, widefield Raman imaging can be used
to rapidly and clearly visualize graphene on a variety
of substrates, including unoxidized silicon and
copper, as well as suspended graphene. Second,
we demonstrate that WRI is a valuable tool to
characterize the quality of CVD graphene, revealing
spatial inhomogeneities in film quality that could
easily go undetected with point Raman spectroscopy.
Finally, we use WRI to monitor dynamic processes in
graphene with high spatial and spectral resolu-
tion over a large area in real time. These novel
implementations of WRI for graphene imaging pro-
vide valuable information that cannot be easily
obtained with other optical imaging methods, and
enable new experiments at various stages of graphene
growth and processing.

RESULTS AND DISCUSSION

We illustrate in Figures 1 and 2 that widefield Raman
imaging enables high-throughput, diffraction-limited
imaging, and spectroscopy of graphene and other
sp2-bonded carbonmaterials (seeMethods and Support-
ing Information for details about our experimental setup).
First, to demonstrate the difference in imaging capabil-
ities between WRI and micro-Raman imaging, Figure 1
panels A and B show G band images of aligned single-
walled carbon nanotubes on a quartz substrate (see
Methods for sample preparation) obtained using micro-
Raman imaging and WRI, respectively. The WRI image
was obtained in 5 s (3 W total laser power with a 80 μm

Figure 1. Comparison of two-dimensional scanning confocal Raman (A) with widefield Raman imaging (WRI, B). Schematics
illustrate a serial collection of spectra over a series of pixels with a confocal micro-Raman setup (A) vs large area imaging of a
specific band with the widefield Raman imaging setup (B). Below are G band images of the same area of aligned carbon
nanotubes obtained with (A) micro-Raman setup (∼3 h acquisition, 0.5 μm pixel size) and (B) widefield Raman setup (5 s
acquisition, ca. 80 μm illumination size, 3 W), using 100� objective (N.A. = 0.95) in both cases. (C) A submillimeter scale false
color 2D band image of graphene using 20� objective (N.A. = 0.70) with 300 s acquisition time. (inset) With a 100� (N.A. =
0.95) objective, graphene is clearly visible on Si/285 nm SiO2 at acquisition times as short as 1 s. Image is Gaussian blurred
(radius 1 pixel = 125 nm) to reduce CCD noise.

A
RTIC

LE



HAVENER ET AL. VOL. 6 ’ NO. 1 ’ 373–380 ’ 2012

www.acsnano.org

375

spot size), while the confocal Raman image took 3 h (0.5
μm pixel size and 1 s/pixel). Despite its much shorter
acquisition time (∼1/2000), the WRI image has a better
signal-to-noise ratio and improved spatial resolution. We
also stress that the inherent resolution of WRI is diffrac-
tion-limited,whereas increasing the resolutionof amicro-
Raman image requires more pixels, and thus a longer
imaging time.
Figure 1C shows a submillimeter scale false color

image of the 2D band of CVD graphene with intention-
ally incomplete surface coverage (see Methods) trans-
ferred onto a Si/285 nm oxide substrate. This image
was obtained with a 20� objective (numerical aper-
ture, N.A. = 0.70), 50 mW of laser power at 532 nm, and
an acquisition time of 300 s. A confocal image on this
scale with identical imaging conditions as in Figure 1A
would take 35 h to obtain. Using an objective with a
higher N.A. (0.95, 100�), we can further decrease the
imaging time, allowing the graphene film to be re-
solved in as little as 1 s (see inset). High-quality images
can be obtained on Si/285 nm oxide in 1 min under
these imaging conditions.
Spectral information about the sample can be ob-

tainedwith various bandpass filters. Figure 2A showsG,
D, and 2Dband images of the same area of a large grain
CVD-grown graphene sample transferred onto a Si/
285 nm oxide substrate (500 mW power with a 80 μm
spot size). We used a custom-made, continuously
variable filter for this purpose, with a bandwidth of
100 cm�1 (∼3 nm) for 940�1850 cm�1 (see Methods),
encompassing the D and G bands. This technique
allows for rapid comparison of the relative intensities
of these Raman bands over large areas. From the data
shown in Figure 2A,we canobserve graphenenucleation

sites and growth patterns with a high signal-to-noise
ratio, and we find that our sample has a relatively low
defect density over a large area.
For high-resolution spectral information, we can

perform imaging spectroscopy.20,23 While maintaining
widefield illumination, Raman spectra along a vertical
line on the sample can be obtained by positioning the
entrance slit of a spectrometer at the image plane.
Figure 2 panels B and C present Raman spectra ac-
quired in this mode. Here, the y-axis of the CCD image
after the imaging spectrometer (Figure 2B) corre-
sponds to the y-axis of the real space image along a
fixed line (Figure 2A), while the x-axis of the CCD image
corresponds to the Raman shift (cm�1). Multilayer
areas can be rapidly identified from an abrupt increase
in G band intensity24 and redshift of the 2D peak,12

which can be confirmed quantitatively by extracting
Raman spectra from the CCD data (Figure 2C). In
addition, we observe small (ca. (2 cm�1) fluctuations
in the G peak position, which could indicate local
doping10 or strain13 in our sample. All of the data in
Figure 2 were acquired in a matter of minutes, provid-
ing a means to rapidly characterize the quality of CVD
graphene over a large area. In addition, collecting a
series of such spectra while scanning the sample in the
x-direction (“line mapping”) allows for complete sample
mapping with full Raman spectra at every point.20,23

Since data from many pixels are still acquired in
parallel, this technique provides the same information
that can be acquired with confocal micro-Raman imag-
ing in a much shorter time.20

Finally, to ensure that graphene is not damaged by
WRI, we monitor the local temperature increase in-
duced by the imaging laser. Heating graphene in an

Figure 2. (A) (Top) G band image of CVD graphene that has been normalized for spatial variations in laser intensity (using the
second order silicon Raman peak, see Supporting Information). Red box indicates a kinematic slit position for spectral
measurement. (Bottom)NormalizedDand2Dband images of area outlined inGband image, obtainedwith tunablebandpass
filter. (B) Spectral analysis along the line in image A, with D, G, and 2D Raman bands visible. Note that the abscissa changes
from distance to Raman shift. Spectra were obtained in 60 s with spectrometer entrance slit width of 50 μm (3.5 cm�1) and
500 mW laser power over an ∼80 μm spot size. (C) Raman spectra for single (bottom) and multiple (top) graphene layers,
obtained along dotted lines in image B. (D) Approximate temperature increase of graphene vs applied power for a suspended
(black) and supported (blue) graphene sample. G peak shift is determined by offsetting the linear fit of G peak position
vs applied power to 0 at room temperature (25 �C).
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oxidative environment (such as air) can cause strong
hole doping at ∼200 �C and etching at 450 �C,25 so
to avoid damage, the sample should be kept below
these temperatures. We can estimate the temperature
increase of the graphene by measuring the G peak
position as a function of laser power, and using a
known conversion factor between G peak position
and temperature.26 Our results for supported graphene
(on silicon/285nmoxide), aswell as suspendedgraphene
(see Figure 3), are shown in Figure 2D. For suspended
samples, or supported samples at higher powers, the
temperature increase can be significant. However, under
the conditions used to image most of our samples
(50 mW over a 40�50 μm spot size), the local tempera-
ture only increases by a few tens of degrees Celsius,
confirming that WRI provides both rapid and nondes-
tructive graphene imaging. From Figures 1 and 2, it is
clear that WRI is well-suited for high-throughput gra-
phene imaging and characterization.
Next, we demonstrate several unique applications of

WRI for graphene monitoring and research which
would be difficult or impossible with other imaging
techniques. First, we show that WRI can be used to
rapidly visualize graphene on a large variety of sub-
strates, enabling high-throughput characterization
through various stages of graphene growth and device
fabrication. Previous work employing WRI to image
carbon nanotubes focused mainly on suspended
nanotubes,21,22 which typically exhibit stronger Raman
scattering than nanotubes on a substrate,21,27 and
imaging of graphene is often performed on silicon
with a 285 nm thick oxide layer, which enhances
optical contrast through constructive interference.4,24

However, graphene exhibits a similar Raman signature
onmany substrates,28 allowing substrate-independent
Raman imaging. Although the intensity of the Raman
signal is reduced on the substrates we studied as com-
pared to silicon/285 nm oxide, good quality raw images
on all of these substrates can be acquired in 5min or less.
First, as with carbon nanotubes,21,22 WRI can be used

to image suspended regions of graphene. Figure 3A
shows an optical image (left) of a bare silicon substrate
with 5 μm square holes etched through it. CVD
graphene was transferred on top of the substrate, but it
is impossible to resolve under a white light reflection
microscope. On the other hand, a 2D band WRI image
(right) quickly reveals that most of the holes are covered
in graphene. Suspended graphene can be visualized
with an acquisition time of seconds (see Figure 5),
while high quality images like Figure 3A can be ob-
tained in 1�2 min.
The Raman signal is approximately an order of

magnitude stronger over the suspended regions
than it is on bare silicon (see Figure 3A, inset). Even
on bare silicon, however, graphene can be resolved
with WRI using a sufficiently long collection time (300 s).
WRI can easily resolve the edges and multilayer

regions of graphene on silicon, as shown in Figure 3B,
even though the graphene is very difficult to dis-
tinguish in an optical image. WRI can also image

Figure 3. (A) (Left) Optical image of graphene suspended
over 5 μm holes etched in bare silicon. The graphene is
invisible over the entire substrate. (Right) 2D band image of
the same area shows a high yield of suspended graphene.
Acquisition time 60 s at 50 mW power over a ∼50 μm spot
size. (Inset) Raman spectra from suspended and supported
graphene. The intensity of the Raman signal of supported
graphene on bare silicon is an order of magnitude smaller
than the signal of suspended graphene. (B) (Left) Optical
image of graphene on bare silicon, which is also almost
impossible to see. (Right) 2D band image of same area
shows graphene edges and multilayer areas. Acquisition
time 300 s at 50mW power. (C) 2D band image of graphene
on fused silica, acquisition time 300 s at 50 mW power.
(D) 2Dband image of graphene on 5 nm thick silicon nitride,
acquisition time 300 s at 50 mW power. (E) (Left) Optical
image of graphene grown on copper film. Inset shows an
area with multiple graphene layers, which is indistinguish-
able from single-layer graphene. (Right) 2D/G ratio image
(see Supporting Information) shows location of graphene
on copper, and multiple layer regions (inset, same area as
optical image) can be distinguished from single-layer ones
in a 2D band image. Raw images acquired in 300 s with
450 nm laser at 50 mW power. All scale bars are 10 μm.
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graphene on transparent substrates, such as glass
(Figure 3C), and on 5 nm thin silicon nitride membranes
(Figure 3D), allowing subsequent dark field TEM
studies.29

Lastly, WRI can be used to visualize CVD graphene
directly on its copper growth substrate, which allows
confirmation of graphene growth without transfer.
Under white light illumination (Figure 3E, left),
graphene shows a slight contrast difference from the
copper substrate. Likely, the bare copper is slightly
oxidized, while the graphene-covered areas are pro-
tected from oxidation.30 Multilayer regions of graphene
(inset) are indistinguishable from single-layer ones.
Copper exhibits photoluminescence31 which con-
tributes a background to the Raman signal, but
we find that with a 450 nm excitation wavelength,
graphene can still be visualized on copper using WRI. A
2D/G ratio image (see Supporting Information) clearly
distinguishes graphene from bare copper (Figure 3E,
right), and multilayer regions can be identified in a 2D
band image (inset). Thus, WRI can be used to locate
and characterize graphene after all stages of device

fabrication;growth, transfer to a target substrate, and
patterning;and provides extra flexibility.
As a second application of WRI, we demonstrate

that D band imaging can be used to rapidly compare
the quality of large areas of CVD graphene produced
with different growth conditions. The intensity of the
Raman D peak (∼1350 cm�1) scales with the density of
defects in a graphene film,8 and a low D peak (or low
D/G intensity ratio) usually indicates a high quality film.
Often, point Raman spectroscopy or confocal mapping
over a relatively small area is used to characterize the D
peak of CVD graphene, but with WRI, we can rapidly
image the D band intensity directly on a large scale.
After transferring graphene to Si/285 nmoxide, we find
that for some samples (Figure 4A,B), the D band
intensity is roughly constant over tens of micrometers,
and can be well-described with point Raman spectra
(see insets). However, other samples (Figure 4C,D)
show large spatial inhomogeneities in D band intensity
(see Methods for growth parameters). Raman spectra
taken at various points on the sample can have vastly
different D/G intensity ratios, as shown in Figure 4.
It is unknown whether these inhomogeneities in D

band are due to varying grain sizes, atomic defects, or
larger-scale debris. Transferring these samples to sili-
con nitridemembranes (as in Figure 3D) will allow us to
combine widefield Raman spectroscopy with dark field
TEM imaging for future experiments that correlate
grain size and D band intensity over a large scale.
Currently, however, it is clear that point Raman spec-
troscopy is not sufficient to fully characterize the
quality of a CVD graphene film, and that WRI provides
valuable information about the spatial distribution of
defects in our samples.
Finally, WRI can capture images within fractions of a

second, allowing large-scale, real-time spatially and
spectrally resolved imaging of dynamic processes spe-
cific to graphene. We demonstrate the dynamic capa-
bility of WRI by using the imaging laser at a high
power to damage the graphene, and observing the
process in real time. When graphene is suspended (see
Figure 3), 50 mW of laser power can cause the graphene
to tear. By taking 2D band images rapidly (0.5 s
frame rate), we can observe the dynamics of this process.
Figure 5A shows a 2D band image of a suspended
graphene film. After the laser power is increased, a hole
is formed in thefilmandgrowsquickly, causing the entire
film to fail within a few seconds (see Supporting Informa-
tion for full movie).
From Figure 2D, we note that the temperature of the

graphene remains below the damage threshold of
200 �C, evenat 50mW laser power. However, themechan-
ical failures we observe appear to propagate from
point defects and edges, which could be particularly
unstable at higher temperatures. In addition, optical
forces have been shown previously to manipulate
carbon nanotubes,21 and may also be manipulating

Figure 4. Normalized D band images of various graphene
samples (see Methods for growth parameters) transferred
to Si/285 nm oxide. Samples exhibit a large variety of
behaviors with respect to D band intensity. Some samples
(A) exhibit very low, uniform D band intensity, while others
(B) exhibit higher, uniform intensity. Insets show point
Raman spectra, which are representative of the sample as
a whole. Other samples, however, have large spatial varia-
tions in D band intensity. Images C and D are two examples
of such behavior. Point Raman spectra taken at different
locations on the sample (shownbelowC, D) can appear very
different. All scale bars are 10 μm.
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our suspended graphene. Our rapid time resolution
allows us to see precisely where failures form in our
suspended graphene sheets and how they propagate,
enabling future studies of this and other interesting
dynamic mechanical processes in graphene under a
uniform external stress or local AFM indentation.
In addition, imaging spectroscopy can be used to

obtain dynamic spectral information for many points
on the sample surface simultaneously. When graphene
is supported on a substrate, it cannot fail mechanically,
but high laser power can cause the graphene to
degrade. Laser-induced degradation has been ob-
served previously for a weak laser power (2 mW) over
a long time scale (∼1 day),16 but on a silicon/285 nm
SiO2 substrate, a 3 W laser over an 80 μm spot size
(∼0.5 mW/μm2) degrades graphene within minutes. G
band images of a sample before and after intense laser
irradiation (Figure 5B, left) show that the G band
intensity decreases significantly over most of the sam-
ple after damage. The method in Figure 2D cannot be
used to measure the temperature at higher laser
powers directly, because hole doping above 200 �C
can cause the G peak to redshift,25 but it is reasonable
to assume that the temperature of our samples in-
creases locally by hundreds of degrees Celsius at this

laser power, causing the graphene to oxidize. To confirm
that oxidation is the primary damage mechanism, a
dark-field TEM image29 of a similar graphene sample on
a thin silicon nitride membrane (Figure 5B, inset; see
Supporting Information) with extensive laser damage
shows circular etch pits in multilayer regions, which is
indicative of oxidative damage.25

To examine this process in detail, we use imaging
spectroscopy (as in Figure 2) to collect Raman spectra
every 5 s along a line of the sample shown in Figure 5B.
For most of the sample (green), the D/G area ratio
increases immediately upon intense laser irradiation
up to a value of ∼2, after which the G band intensity
begins to decrease significantly, consistent with the
amorphization of single-layer graphene.8,32 However,
for multilayer areas (red), the G band intensity stays
constant with time and theD/G ratio actually decreases
slightly. The decreased reactivity of multilayer regions
as compared to single-layer regions is consistent with
the previous studies of graphene oxidation25 and
chemical reactivity.33 We stress that with WRI, we
obtain dynamic, spectrally resolved information for
many points on our sample simultaneously, which
cannot be achieved with conventional confocal tech-
niques. An exciting future application of this technique

Figure 5. (A) Dynamic imaging of laser-induced tearing of suspended graphene. Images show 2D band of a strip of graphene
(bright) suspended between two pieces of silicon (dark). When laser power is increased, a hole forms in the graphene, which
eventually causes the graphene strip to mechanically fail. This tearing is observed with 0.5 s resolution. Images are Gaussian
blurred (radius 1 pixel =125 nm) to reduce CCD noise. Scale bar is 5 μm. (B) Dynamic spectroscopy along a line of a graphene
sample on Si/285 nm oxide. (Left) G band images showing a sample before and after exposure to a 3 W laser. Dark regions
appear, showing highly damaged graphene. (Inset) A false color dark-field TEM image (see Methods, Supporting
Information) of a similar multilayer sample on thin silicon nitride that has been heavily damaged by the imaging laser,
showing circular etch pits indicative of oxidation. (Right) D/G area ratio and G band intensity extracted from spectra taken
at locations shown by red and green circles (left). D and G (þ D0) peaks fit to single Lorentzians. Single-layer graphene
(green) shows behavior consistent with increasing amorphization with time, but for multilayer graphene (red), the D/G
ratio and G intensity remain relatively constant, showing that multilayer graphene is muchmore resistant to laser-induced
damage than single-layer graphene.

A
RTIC

LE



HAVENER ET AL. VOL. 6 ’ NO. 1 ’ 373–380 ’ 2012

www.acsnano.org

379

is spatially and spectrally resolved monitoring of CVD
graphene growth in situ.

CONCLUSION

In summary, widefield Raman imaging is easily im-
plementable, and can rapidly image and characterize
graphene over different length scales while providing
detailed spectral resolution. Unlike both white-light
imaging and confocal Raman spectroscopy, WRI can
be used to map the location of graphene over a large
area, and distinguish single- andmultilayer regions, on
arbitrary substrates withinminutes. This technique can
easily be extended to locate other Raman-active thin
films, such as boron nitride, on arbitrary substrates as
well. The ability to rapidly acquire Raman images with

high spectral resolution is a powerful characterization
tool, allowing us to see spatial variations in film quality
that would go unnoticed with point Raman spectros-
copy. In addition, the acquisition speed of this tech-
nique is fast enough to allow us to observe dynamic
processes in graphene with high spatial and spectral
resolution. Because optical microscopy can be per-
formed in a variety of environments, this technique
enables many in situ, time-resolved studies of
graphene growth, degradation, and electrical and
mechanical processes. We expect that widefield
Raman imaging will prove to be an important experi-
mental technique for graphene imaging, enabling
large-scale device fabrication and graphene growth
characterization.

METHODS
Experimental setup. The Raman setup was built using an IX71

inverted microscope (Olympus) as a platform. A high power,
diode-pumped solid state (DPSS) laser (532 nm for all images
except Figure 3A, which was obtained with 450 nm laser) was
used as an excitation source. The beam was passed through a
cleanup bandpass filter and linearly polarized through a polar-
izing cube, and the beam size was adjusted with a beam
expander. A large collimated illumination beam (40�300 μm
in diameter) was obtained by focusing the laser at the back focal
plane of the objective lens (100� UMPlanFL (N.A.= 0.95) or
20� UPlanApo (N.A.= 0.70), Olympus) using a convex lens
(achromat, f = 200 mm, Thorlabs). The power delivered to the
sample is orders of magnitude greater than that used by
confocal Raman techniques (up to hundreds of mW for WRI
on graphene vs ∼0.1 mW for confocal Raman on graphene),
but the power per unit area remains low (∼0.1 mW/μm2 for
both techniques).

The collimated light illuminated the sample and the scat-
tered light was collected via the same objective lens, passing
through a dichroic beam splitter and long bandpass filter to
eliminate the elastically scattered light. The selection of specific
Raman bands was performed by either double tunable band-
pass filters (see later section) or a single bandpass filter
(fwhm=10 nm, Thorlabs) before the light entered an imaging
spectrometer (Princeton Instruments). The imaging spectro-
meter contained a turret with an interchangeable 1200 g/mm,
500 nm blaze grating (spectral mode) and a mirror (imaging
mode). Images were recorded using a CCD camera (either
1340 � 400 pixels, 20 μm pixel size, Pixis 400BR, Princeton
Instruments, or 1002� 1004 pixels, 8 μm pixel size, Andor iXon
885 EMCCD) (see Supporting Information for a detailed schematic
of the setup, Figure S1).

Tunable Filter Design. We achieved a bandwidth as small as
2.5 nm by using two tunable bandpass filters (TBP01-620/
14-25 � 36, Semrock). The individual filters have a ∼20 nm
bandwidth, and the center wavelength (CWL) of each bandpass
filter can vary from 620 to 550 nmby changing the angle between
the filter and the incident light from 0 to 60� (CWL ≈ sin(θ)).
By offsetting the two filters about 10� apart, the two bandpass
filters act as one narrow tunable filter, with a roughly constant
2.5 nm fwhm between 560 and 590 nm, the range where CWL
vs θ is approximately linear. For wavelengths above 600 nm, the
bandwidth increases, reaching∼20 at 620 nm (2Dband@532 nm
excitation) (see Supporting Information for filter image and trans-
mission data, Figure S2).

Dark Field TEM Imaging. Dark field TEM imaging was per-
formed using the method outlined by Huang et al.29 (see
Supporting Information for more information about data acqui-
sition and interpretation).

Carbon Nanotube Synthesis. Microfabrication was performed
using conventional photolithography on commercially avail-
able ST-cut quartz wafers (HoffmanMaterials, LLC), according to
procedures previously reported in the literature.34 Catalyst line
features were defined and∼2 Å of Fe was deposited by e-beam
evaporation. Following lift-off, the substrates were placed in a
quartz reaction tube and annealed in air at 900 �C for 9 h.
Without cooling, aligned SWNTs were grown using a procedure
adapted from Kocabas et al. at 900 �C using methane as the
carbon feedstock.34

Graphene Synthesis. Large-area graphene samples were
grown on metal substrates using previously reported CVD
techniques.2,35 Growth of graphene on Cu foil (99.8% Alfa Aesar
no. 13382) was conducted inside a hot wall tube furnace, which
was heated while flowing H2 (ultra high purity grade; Air Gas,
Inc.) and CH4 (ultra high purity grade, Air Gas, Inc.). Growth
parameters (temperature, flow rates, time) were varied as
follows. Figures 1 and 3C: 980 �C, 120 sccm flow of H2, 1 sccm
of CH4, 70 min. Growth was conducted inside a Cu enclosure that
was inserted into the furnace.35 Figures 2, 3A,E, and 4A: 980 �C,
60 sccmofH2, 1 sccmofCH4, 90min.Growthwas conducted inside
a Cu enclosure that was inserted into the furnace (Kevek Innova-
tions 1 in. CVD system). Figures 3B, 4C, and 5A: 980 �C, 300 sccmof
H2, 875 sccm of CH4, 20 min. Growth was conducted inside a Cu
enclosure that was inserted into the furnace. Figure 3D: 980 �C,
60 sccm of H2, 1 sccm of CH4, 100 min. Growth was conducted
inside a Cu enclosure that was inserted into the furnace
(Kevek Innovations 1 in. CVD system). Figure 4B: 1000 �C, 100
sccm of H2, 3 sccm of CH4, 10min. Cuwas cleanedwith an oxygen
plasma before growth. Figure 4D: 1000 �C, 300 sccm of H2, 875
sccm of CH4, 13 h. Figure 5B: 1000 �C, 300 sccm of H2, 875 sccm
of CH4, 13 min.

Graphene Transfer. Synthesized graphene on copper was
transferred to various other substrates with the following
process. First, protective poly(methylmethacrylate) (PMMA,
2% 495K in anisole) was spin-coated onto the Cu/graphene
substrate. The Cu/graphene substrate was floated on a dilute
aqueous iron(III) chloride solution (FeCl3, Aldrich) in order to
etch the Cu from the back. The remaining PMMA/graphene
membrane was gently washed with copious amounts of water
and was transferred onto the target substrate. The transferred
substrate was gently dried to remove any water. Finally, the
PMMA was removed in acetone or 1165 stripper (Shipley), and
the substrate was washed with IPA and dried with N2 gas (for
suspended samples, a critical drying process was used).
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