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raphene is a two-dimensional (2-D)
crystal of sp2-bonded carbon
atoms.1 Mechanical exfoliation of
graphene1 led to the discovery of graphene's extraordinary electronic,1 thermal,2
optical,3-5 and mechanical properties.6
Strongly dependent on the number of
atomic planes, physical characteristics of
few-layer graphene (FLG) are diﬀerent from
those of single layer graphene (SLG). For
example, SLG reveals electron mobility in the
range from ∼40,000 to 400,000 cm2 V-1 s-1 7
and intrinsic thermal conductivity above
∼3000 W/mK for large suspended ﬂakes2,8-11
while bilayer graphene (BLG) exhibits electron mobility in the range from ∼3000 to
8000 cm2 V-1 s-1 12 and intrinsic thermal
conductivity near ∼2500 W/mK.13,14 The
electronic, thermal and optical properties
of FLG approach those of bulk graphite as
the number of atomic layers exceeds approximately 10 layers.15,16 The optical transparency of FLG is also a strong function of
the number of layers.3-5 The one-atom
thickness of graphene and its optical transparency (only ∼2.3% absorption per layer)3
make graphene identiﬁcation and counting
the number of atomic planes in FLG extremely challenging.
Recent progress in the chemical vapor
deposition (CVD) growth of graphene led to
fabrication of large-area graphene layers
that are transferable onto various insulating
substrates.17,18 CVD-grown graphene layers
of up to 30 in. in size on cheap ﬂexible
substrates have been demonstrated.17 Various other methods of graphene synthesis
have been reported.19-21 It is reasonable to
expect, in the near future, the emergence of
graphene growth techniques on insulating
substrates, which would allow one to avoid
the graphene transfer steps. The fusion of
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ABSTRACT Practical applications of graphene require a reliable high-throughput method of

graphene identiﬁcation and quality control, which can be used for large-scale substrates and wafers.
We have proposed and experimentally tested a fast and fully automated approach for determining
the number of atomic planes in graphene samples. The procedure allows for in situ identiﬁcation of
the borders of the regions with the same number of atomic planes. It is based on an original image
processing algorithm, which utilizes micro-Raman calibration, light background subtraction, lighting
nonuniformity correction, and the color and grayscale image processing for each pixel. The outcome
of the developed procedure is a pseudo color map, which marks the single-layer and few-layer
graphene regions on the substrate of any size that can be captured by an optical microscope. Our
approach works for various substrates and can be applied to mechanically exfoliated, chemically
derived, deposited or epitaxial graphene on an industrial scale.
KEYWORDS: graphene industrial applications • graphene identiﬁcation
quality control • image processing • Raman nanometrology

the large-area graphene on cheap, transparent, ﬂexible substrates with graphenebased OLED technology is expected to lead
to major practical applications.22 However,
as larger area graphene becomes available,
quality control remains an important factor
limiting further progress in graphene
research and applications. For all of these
reasons, it is important to develop a fast
scalable method for determining the number of atomic planes in synthesized graphene or FLG. The crucial feature of this
method, which would allow for industry
applications, should be its suitability for
large-area substrates (i.e., lateral dimensions
in millimeters or inches). The electronic
industry requires high quality large-area
wafers that can be used for high-throughput device fabrication.
There are many methods that are currently used individually or in combination
for counting the number of atomic planes in
graphene samples and for accessing the
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Figure 1. Schematic of the process for determining the
number of layers in graphene and few-layer graphene ﬁlms.
The image of the graphene sample is acquired via optical
microscope, followed by micro-Raman calibration, background subtraction, light nonuniformity correction, and
application of the original image processing algorithm to
identify the regions with diﬀerent numbers of atomic
planes and map them with pseudo colors.

quality of graphene (e.g., presence of lattice defects or
impurities).23,24 Examples of these methods include
micro-Raman spectroscopy,25,26 optical microscopy,3-5
low-energy electron microscopy (LEEM),27,28 lowenergy electron diﬀraction (LEED),19,27 atomic force
microscopy (AFM),1 scanning electron microscopy
(SEM),1 transmission electron microscopy (TEM),1 scanning tunneling microscopy (STM),29 photoelectron
spectroscopy (PES),27 angle-resolved photoelectron
spectroscopy (ARPES),27 photoemission electron microscopy (PEEM),27 image J data analysis software,30 and
reﬂection high-energy electron diﬀraction (RHEED).31
At the same time, the existing methods have major
limitations related to their slow, expensive, and nonautomated measurement procedures. These methods
can only be used for identiﬁcation and quality analysis
of small regions of SLG and sometimes FLG samples,
but only on a few-micrometer range scale. Such methods become inadequate for scanning large-area graphene wafers on millimeter scale, which is required for
industrial processes. Moreover, most of these techniques provide only rough estimates of the number of
atomic layers.
Micro-Raman spectroscopy, the only nondestructive
reliable and accurate technique, is limited to a small
scanning spot size of a few micrometers. It would be
time-consuming to acquire a Raman spectrum from
the large area. The Raman spectroscopy method is
limited to FLG ﬁlms with the number of atomic planes
(n) less than 5-7. For thicker ﬁlms the Raman spectrum
becomes too close to that from bulk graphite. There
are also indications that Raman spectroscopy becomes
less eﬃcient for CVD graphene rather than for mechanically exfoliated graphene. The latter is explained
by the increased π-π bond stacking order,17 which
intensiﬁes the 2D peak from the out-of-plane modes
and preserves the G peak of the in-plane modes, thus
changing the well-known G peak to 2D peak intensity
ratio32-34 and complicating interpretation of the Raman spectrum.
NOLEN ET AL.

Figure 2. Microscopy images of the substrate (left panel)
and FLG on substrate (right panel) obtained with 100X
objective. Image O is used for the background subtraction, a
required step for the large area graphene identiﬁcation.
Image I is used for the overall graphene layer identiﬁcation
experiment.

Large-Scale Graphene Identification. Here, we describe a
process for the large-area graphene identification and
quality control that is automated, cheap, robust, highthroughput, and highly efficient. The technique is
based on a combination of the modified optical contrast method with several optical filters and image
processing algorithms. The calibration of the process
is carried out using micro-Raman spectroscopy. The
overall approach is illustrated in Figure 1. It shows a
schematic of the process starting from a captured
image via an optical microscope, micro-Raman calibration, and image processing algorithm, which completes the recognition process. Below we provide a
detailed step-by-step description of the process, which
allows one to count the number of atomic planes
(graphene layers) for a large area and clearly identifies
the borderlines between regions of different thickness
(i.e., number of atomic planes).
To test the recognition process, we prepared a large
number of samples with graphene ﬁlms. Graphene and
FLG were produced by the standard mechanical exfoliation from HOPG and placed on top of the SiO2 (300
nm)/Si substrate.35,36 It is known that the 300-nm
thickness of SiO2 allows one to visualize FLG regions
under regular light conditions.3-5 The high resolution
optical microscopy images of the samples were captured by a digital camera attached to an optical
microscope (Nikon Eclipse LV150) in “white” light
produced by a quartz tungsten halogen light source.
Step 1. We start by capturing two optical images.
The first is of the substrate material (usually SiO2/Si but
other substrates are also suitable), and the second
image is of the FLG sample on the same substrate or
different substrate made from the same material (see
Figure 2). We intentionally selected samples with FLG
regions containing different numbers (n) of atomic
planes and having irregular shape boundaries. For
convenience, we use the following notation: substrate
without graphene = Image O and substrate with
graphene = Image I.
Step 2. We perform the calibration procedure,
which can be done locally on a selected region where
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Figure 3. Raman line scans showing the characteristic G peak and 2D band used for identiﬁcation of the number of atomic
planes n in FLG regions (left panel). The colors denote FLG with the number of planes varying from 1 to 4 and above. The
Raman scans were taken along the dotted line (12.5 μm length) indicated on the right panel. The white numbers label the
number of atomic planes in diﬀerent regions of the FLG sample (right panel).

visual inspection suggests a presence of SLG, BLG, etc. This
step involves collection of Raman spectra from a few spots
or performing a Raman line-scan. The Raman spectroscopy
has proven to be very reliable for identification of FLG with
n = 1, 2, 3, 4, and 5 via deconvolution of the 2D band and
measuring the ratio of the intensities I(G)/I(2D). In most of
cases, a single line scan is sufficient to identify at least one
spot for each n. The coordinates of the spots, corresponding to n = 1, 2, 3, 4, and 5, are recorded and correlated with
the color information obtained in the previous step (on
both Image O and Image I). This procedure accomplishes
the labeling of several spots with the number of atomic
planes (see Figure 3). This calibration step does not take
much time because it is done locally and does not need to
be repeated through the whole substrate coated with
graphene or the whole wafer with CVD grown graphene.
Moreover, once it is done for graphene on a certain
substrate it can be omitted for other graphene samples
on the same type of substrate under the same illumination.
We verify the Raman calibration via atomic force microscopy (AFM) inspection for randomly selected samples.
This procedure completed the preliminary (i.e.,
calibration) steps that do not have to be repeated for
each new sample if the substrate and light conditions
are kept the same. The following steps constitute the
image processing algorithm applied to the captured
optical images (Image I and Image O). In order to
describe these steps we need to deﬁne and introduce
a few concepts and variables commonly used in image
processing. We begin by noting that each optical
image can be broken into a matrix of pixels with
dimensions M  N, where pixel row and column
locations are in the range of x, y ∈ 0 e x e M, 0 e y
e N. Each pixel is assigned a light intensity in the range
Imin e I(x, y) e Imax for a given light source intensity.
Here, Imax is the maximum intensity allowable
(conventionally assumed to be 255), and Imin is the
minimum intensity allowable (conventionally assumed
to be 0), while x and y indicate the row and column (or
NOLEN ET AL.

coordinates) of the locations being computed. The
intensity of each pixel can be represented as a combination of red (R), green (G), and blue (B) intensity
values: I(x, y) = [IR(x, y), IG(x, y), IB(x, y)], where IR is the
red intensity value, IG is the green intensity value, and IB
is the blue intensity value. With this in mind we can
proceed to the next step.
Step 3. Since the main motivation for this research
is development of an automatic scalable technique for
large-area graphene wafers, one needs to take into
account the nonuniformity in wafer illumination. The
optical images are taken using optical microscopes and
are unavoidably affected by the objective lenses,
which do not produce uniform intensity of lighting
throughout the image. The light is at its maximum
intensity at the focal center and is the dimmest at the
corner edges of the image. The illumination of the
lighting nonuniformity is accomplished with the help
of the reference substrate image (Image O). The intensity profile is found from Image O (see Figure 4) and
then subtracted from Image I. This equalizes the lighting conditions over the whole substrate for the following image processing steps. The details of the
nonuniform lighting removal process are given in the
Methods section (see Nonuniform Lighting Elimination
and Supporting Information).
Step 4. Once the uniformity of light illumination is
achieved for the whole image, one can extract the
contrast information for different FLG regions
(referenced to the background). To conduct such a
process for Image I, we define the red, green, and blue
(RGB) values for each pixel of the image. From step 2,
we know what RGB values correspond to regions with
n = 1, 2, 3, 4, or 5 (see Figure 5). This determines the
range of RGB values that ensure that the region has the
number of atomic planes within n = 1-5. Using this
information we identify regions of FLG throughout the
whole image or wafer. After we have specified all FLG
regions of interest (e.g., with n < 4) in pixels within M  N
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Figure 4. Nonuniform illumination intensity I(x, y), expressed in arbitrary units, is shown as a function of the substrate
coordinates x and y. The nonuniformity caused by the circular confocal lens aberration is corrected by the lens modulation
transfer function (LMTF) ﬁlter introduced to the recognition procedure.

Figure 5. Range of the red, green, and blue (RGB) light intensity values that corresponds to the FLG regions (left panel). The
RGB ranges can be used for the background subtraction and exclusion of the regions with thicker ﬁlms (e.g., bulk graphite).
Optical image (100X magniﬁcation) after RGB processing, which restricted the light intensity values to FLG regions (right
panel). Only the dark regions consist of FLG with n = 1-4; the rest of the regions (white) are either substrate or thicker ﬁlms
(e.g., bulk graphite).

we can exclude all other thicker regions (e.g., with n > 4).
The exclusion is based on subtracting all points of the
image that have RGB levels above or below the allowable
RGB range of values previously specified for each n (see
Figure 5). The detailed algorithms for the RGB assignment and image processing exclusion of regions that do
not belong to the needed n range are described in the
Methods section (see Background Subtraction).
Step 5. We can now refine the recognition process
and perform identification of each graphene layer
(with specific n) from the determined FLG regions. To
accomplish this task we start by converting the RGB
data (defined for FLG regions in Image I) that contain
3 values per pixel to grayscale that contains 1 value
per pixel. The latter is accomplished through a process
called segmentation (see Methods section entitled
Graphene Layer Identification). We label the grayscale
P
contrast range for FLG regions, defined as ΔIn, and
NOLEN ET AL.

find the minimum-maximum boundary range for the
graphene layers with specified n (see Figure 6). The
intensity range for graphene layers with a given n is
P
labeled as ΔIn (it is contained within the ΔIn range).
The use of grayscale can be efficient for FLG regions
only after removal of the background and regions that
correspond to the thick graphitic films.
The optical adsorption of each graphene layer for
diﬀerent brightness intensities is shown in Figure 6,
where ΔIn contains the range of the light intensity
values associated with a speciﬁc graphene layer of
P
interest (speciﬁed by a given n) and ΔIn shows the
light intensity range of values for the entire FLG region.
The range of these light intensity values depends on the
brightness of the light source of the optical microscope.
The dependence of ΔIn on the intensity of the light source
is important for this automated identiﬁcation process.
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Figure 6. Illustration of the conversion process of RGB values to grayscale (upper panel). The grayscale allows for easier
identiﬁcation of the regions with a speciﬁc number of atomic planes n. The grayscale range of FLG is sectioned into the
respective light intensity ranges for each individual layer of graphene with a given n (lower panel).

For clear visual recognition, the unique pseudo
colors are assigned to the contrast ranges ΔIn for each
graphene layer with a given n. This is done by further
ﬁltering out separately the regions for SLG, BLG, and
FLG with n = 3 and 4 from the grayscale FLG region. In
Figure 7, we show how such ﬁltering results in the
separated regions. The white spots correspond to the
regions with a speciﬁc number of atomic planes n. The
entire M  N transparent image with identiﬁed pseudo
colored regions is then laid on top of the original
optical image (Image I), for visual identiﬁcation of
FLG regions with desired n. The mathematical details
of the process are described in the Methods section
(see Graphene Layer Identiﬁcation).
Step 6. The graphene identification procedure is
completed with an application of the median filter and
utilization of pseudo colors for better visualization. The
median filtering step involves statistical pixel-to-pixel
neighborhood analysis to improve the image appearance and accuracy within the identified region and
clarify the boundaries between any two regions with
different number of atomic planes n (see also Median
Filter in the Methods section). The median filter allows
one to remove the high frequency impulse noise
commonly known in image processing as “salt and
pepper” noise. In our approach, this noise may cause
the identified regions of graphene to appear patchy
reducing the accuracy when determining the borders
of the regions. After the filtering process, we assign the
NOLEN ET AL.

Figure 7. Optical brightness ranges ΔIn associated with a
speciﬁc grapheneP
layer of interest (deﬁned by n) and
combined range ΔIn for the entire FLG region shown as
functions of the source brightness (upper panel). The white
spots on the sample surface are identiﬁed regions of SLG
(n = 1) and BLG (n = 2) (lower panel). The dark background is
the rest of the sample surface (i.e., regions of substrate
without graphene or regions with other thicknesses). The
presented technique can be used for wafer size samples
without any major modiﬁcation or processing time increase.
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pseudo color to each region with a given n value and
present the final result on the sample map (see Figure
8). This map clearly marks the number of atomic planes
at each location of the sample surface by color: red,
green, blue or yellow. The remaining brown regions are
the substrate itself without graphene flakes, and the
dark regions are the thicker graphite films.
It is easy to see that the approach can be extended
to the wafer size or rolls of CVD graphene on ﬂexible
substrates. Since the only size limitation is the area of
the optical image, our approach is suitable for industrial scale high-throughput applications. The high
speed of the image processing algorithms allows for
the in situ identiﬁcation of the number of atomic
planes. As a result, the throughput for the industrial
scale inspection of many wafers will be determined by
the speed of mechanical motion of the wafers to and
from the light source. A similar scale of the graphene
identiﬁcation cannot be achieved with Raman spectroscopy. The two-dimensional Raman scan of the
whole sample surface will take an extremely long time
(the spectroscopic data accumulation for each point on
the sample surface takes from ∼1 to ∼30 min with
conventional spectrometers). The lateral resolution of
Raman spectrometers is determined by the laser spot
size, which is on the order of 0.5-1.0 μm. In our
approach, the Raman spectroscopy is used only for
the calibration of the process and can be done locally
on a few stops or via a line scan.

METHODS
This section is divided into subsections, which provide details
for speciﬁc steps of the large-scale graphene identiﬁcation and
quality control technique.
Nonuniform Lighting Elimination. This description is pertinent to
step 3 of the procedure. To eliminate the nonuniform lighting
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Figure 8. Statistical nanometrology layer counting analysis
is performed by sectioning out a speciﬁc individual graphene layer diﬀerent from the bulk, substrate, and other
graphene layers.

The versatility of our metrology technique opens
the door for a plethora of experimental and industrial
applications. It can be applied to a number of various
substrates and graphene samples produced by diﬀerent methods.37-39 Instead of micro-Raman spectroscopy, it can use other calibration techniques. We have
tested the method on a large number of graphene
samples produced by mechanical exfoliation. In some
cases we intentionally used contaminated substrates
and FLG ﬂakes that had a large thickness variation
(from SLG to bulk graphite). Our technique worked ﬁne
for all examined substrates. Moreover, we have tested
our approach for another type of the atomically thin
materials, topological insulators of the bismuth telluride family.40-45 The “graphene-like” exfoliated atomically thin ﬁlms of Bi2Te3 and Bi2Se340-43 were placed
on top of Si/SiO2 substrates. The graphene identiﬁcation technique performed for this type of samples as
well. The accuracy of our technique can be enhanced
further by application of other image enhancing, error
reducing algorithms implemented in diﬀerent software packages. The image processing applications in
semiconductor industry have already helped to
achieve major improvements in materials processing
and chip fabrication at reduced cost.46 The proposed
large-scale graphene identiﬁcation and quality control
technology can become particularly useful for the
newly developed graphene synthesis techniques47,48
and graphene practical applications in heat spreaders,
interconnects and analog electronics.49-52
CONCLUSIONS
We described a fast and fully automated approach
for determining the number of atomic planes (i.e.,
number of layers) in graphene samples. The procedure
allows for in situ identiﬁcation of the borders of the
regions with the same number of atomic planes. It is
based on an original image processing algorithm,
which utilizes micro-Raman calibration (on a local
area), light background subtraction, lighting nonuniformity correction, and color and grayscale image
information processing for each pixel. Our approach
works for various substrates and can be applied to the
mechanically exfoliated, chemically derived, deposited
or epitaxial graphene on an industrial scale. The automatic identiﬁcation procedure is described step-bystep with the mathematical details summarized in the
Methods sections.

across Image I, we apply a special filter, which subtracts the light
intensity extracted from the background Image O. This is based
upon the assumption that under perfect condition, the color
intensity of the substrate is uniformly the same across the
image. The whole procedure is presented step by step in
Figure 9. It starts with accumulation of the typical light intensity
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Figure 9. (Upper left panel) Typical nonuniform light intensity distribution for Image O along the x or y axis. (Upper central
panel) Nonuniform light intensity, which is left after subtraction of the uniform background lighting. (Upper right panel)
Inverted light intensity obtained in the previous step. This completes the processing of data extracted from Image O. (Lower
left panel) Typical intensity distribution for Image I along the x or y axis. The modulation of the intensity proﬁle is due to the
presence of graphene ﬂakes with diﬀerent number of atomic planes. The addition of the inverted light intensity, obtained for
Image O (upper right panel), to the Image I light intensity results in the ﬁnal intensity distribution for Image I with eliminated
lighting nonuniformity. The ﬁnal result is shown in the lower right panel.
distribution for Image O along the x or y axis. This intensity
distribution is nonuniform with the maximum attained usually
around the center of the image. The distribution is modified by
subtraction of the uniform background. The resulting nonuniform part is inverted and stored for further use with Image I. The
next step is accumulation of the typical intensity distribution for
Image I (the actual graphene sample on the substrate). The
addition of the inverted light intensity, obtained for the reference Image O, to the intensity distribution in Image I results in
the corrected intensity distribution for Image I with eliminated
lighting nonuniformity (shown in the lower right panel in
Figure 9).
Mathematically, this process is described as an application
of the lens modulation transfer function (LMTF) ﬁlter.53 The ﬁlter
corrects the circular lens aberration produced by the Gaussianlike distribution of nonuniform light intensity in both the x and y
planes of Image I (see Figures 4 and 9). The application of the
LMTF ﬁlter is performed with the equation
In, C∈R, G, B (x, y) ¼ IC∈R, G, B (x, y) - LMTF

ð1Þ

for each value IR, IG, IB where LMTF = OC∈R,G,B(x, y) - min(OC∈R,G,B).
The intensity function In now contains the corrected image with
the evenly distributed light intensity across the entire image.
Background Subtraction. This procedure is pertinent to step 4. In
order to subtract the background, we subtract the RGB value
from all pixels that correspond to the same location in Image O
and Image I. If the result is ∼0, then the pixel in Image I is
assumed to be a background pixel, in which case we change
that RGB pixel value to white corresponding to (0, 0, 0). If the
result is 1, then the pixel in Image I is assumed to be not a
background pixel, in which case we do not change that RGB
pixel value and retain its original RGB value. This is accomplished by performing the following procedure

M (x, y) ¼ 0 if OC∈R, G, B (x, y) - IC∈R, G, B (x, y)  0
ð2Þ
1 if OC∈R, G, B (x, y) - IC∈R, G, B (x, y) 6¼ 0
where M contains the filter resulting from Image I with the
substrate background subtracted. Next, by using the light
contrast information from Figure 2, we can restrict each RGB
value to only allow the light intensity range for FLG regions
shown in Figure 5.
Graphene Layer Identification. This procedure is pertinent to step
5. To perform the identification of graphene layers (i.e., distinguish SLG from BLG, etc.), each pixel in the entire image needs to
be “segmented”54 from RGB colors into a grayscale color. This
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makes the graphene layer extraction process simpler by converting three RGB values per pixel into one grayscale value per
pixel, which comprises a different percentage of each RGB
value. The grayscale conversion is completed by changing the
M regions of interest to grayscale and changing all other pixels
that are not within the FLG contrast range to white by performing the following actions:
In, gry ¼ 0:30In, R þ 0:59In, G þ 0:11In, B

In (x, y) ¼

255
In, gry (x, y)

if M(x, y) ¼ 0
if M(x, y) ¼ 1

ð3Þ

Here In is an image containing only FLG. Next, the regions
with the speciﬁc number of atomic planes n (e.g., SLG or BLG)
are determined from their grayscale light intensity range acquired from the optical Image I. The latter is achieved by
applying the neighborhood thresholding,54 which allows one
to extract the light intensity contrast range for each individual
graphene layer with given n by performing the following
operations:
8
1 L1min eΔI1 (x, y)eL1max
>
>
>
< 2 L2min eΔI2 (x, y)eL2max
X
ΔIn (x, y) ¼ 3 L3min eΔI3 (x, y)eL3max
ð4Þ
>
>
>
: 4 L4min eΔI4 (x, y)eL4max
0
other
P
Here ΔIn represents the summation of the light intensity
ranges for FLG regions containing each of the grouped layers
and ΔIn is the light intensity range for a speciﬁc graphene layer
of interest, L1 is SLG, L2 is BLG, and L3, L4 are FLG with n = 3 and
n = 4, respectively. The minimum and maximum values span the
light intensity threshold range for each graphene layer (with
given n). This process is repeated over the entire range of the
source light intensities in order to provide a calibration lookup
table for the image processing algorithms. As a result, the image
processing algorithm can section out the graphene light intensity ranges for any light source intensity. The unique pseudo
colors are then assigned to each graphene layer and overlaid
atop of the original image for clear visual identiﬁcation. The
unique colors are assigned to the rest of the image, which
include regions of the substrate or bulk graphite.
Median Filter. This procedure is pertinent to step 6. To achieve
the precision sufficient for the large-scale industrial implementation and automation, a median filter54 is applied to remove
the high frequency impulse noise. The median filter for each
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MF ¼ fITnjk jj∈f1, 2, :::, Wg and k∈f1, 2, :::, Hgg

ð5Þ

where MF is a median filter of size W  H for a neighborhood of
pixels centered at ITn(x, y). The median element of the window
MF is given by
 
8
m
>
< MFSORT
for an even m
2

IFn (x, y) ¼
ð6Þ
m
>
: MF
þ 1 for an odd m
SORT
2
where MFSORT[i], i = 1, m, m = W  H and IFn is the resulting
graphene layer of interest (with given n) after the impulse noise
is removed. The median filter analyzes a set number of pixels in
a user-defined matrix region to find the median value of the
region currently being inspected. After the operation is performed, the filter is shifted to the next user-defined matrix
region until the entire image is analyzed. We tuned our matrix
size to effectively eliminate noise while maintaining a high
accuracy for the identified graphene regions (with given n) on
the order of a few nanometers.
Acknowledgment. This work was supported by the ONR
project on the Graphene “Quilts” for Thermal Management of
GaN Power Electronics. A.A.B. also acknowledges partial support
from SRC-DARPA Focus Center Research Program (FCRP)
through its Center on Functional Engineered Nano Architectonics (FENA) and from DARPA Defense Microelectronics Activity (DMEA) under agreement number H94003-10-2-1003.
Supporting Information Available: This material is available
free of charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nat.
Mater. 2007, 6, 183–191.
2. Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan,
D.; Miao, F.; Lau, C. N. Superior Thermal Conductivity of
Single-Layer Graphene. Nano Lett. 2008, 8, 902–907.
3. Blake, P.; Hill, E. W.; Castro Neto, A. H.; Novoselov, K. S.;
Jiang, D.; Yang, R.; Booth, T. J.; Geim, A. K. Making Graphene
Visible. Appl. Phys. Lett. 2007, 91, 063124.
4. Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.;
Booth, T. J.; Stauber, T.; Peres, N. M. R.; Geim, A. K. Fine
Structure Constant Deﬁnes Visual Transparency of Graphene. Science 2008, 320, 1308.
5. Casiraghi, C.; Hartschuh, A.; Lidorikis, E.; Qian, H.; Harutyunyan,
H.; Gokus, T.; Novoselov, K. S.; Ferrari, A. C. Rayleigh
Imaging of Graphene and Graphene Layers. Nano Lett.
2007, 7, 2711–2717.
6. Geim, A. K. Graphene: Status and Prospects. Science 2009,
324, 1530.
7. Morozov, S. V.; Novoselov, K. S.; Katsnelson, M. I.; Schedin,
F.; Elias, D. C.; Jaszczak, J. A.; Geim, A. K. Giant Intrinsic
Carrier Mobilities in Graphene and Its Bilayer. Phys. Rev.
Lett. 2008, 100, 016602.
8. Ghosh, S.; Calizo, I.; Teweldebrhan, D.; Pokatilov, E. P.; Nika,
D. L.; Balandin, A. A.; Bao, W.; Miao, F.; Lau, C. N. Extremely
High Thermal Conductivity of Graphene: Prospects for
Thermal Management Applications in Nanoelectronic Circuits. App. Phys. Lett. 2008, 92, 151911.
9. Nika, D. L.; Pokatilov, E. P.; Askerov, A. S.; Balandin, A. A.
Phonon Thermal Conduction in Graphene: Role of Umklapp and Edge Roughness Scattering. Phys. Rev. B 2009,
79, 155413.
10. Nika, D. L.; Ghosh, S.; Pokatilov, E. P; Balandin, A. A.
Lattice Thermal Conductivity of Graphene Flakes: Comparison with Bulk Graphite. App. Phys. Lett. 2009, 94,
203103.
11. Ghosh, S.; Nika, D. L.; Pokatilov, E. P.; Balandin, A. A. Heat
Conduction in Graphene: Experimental Study and Theoretical Interpretation. New J. Phys. 2009, 11, 095012.
12. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.;
Zhang, Y.; Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A.

NOLEN ET AL.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Electric Field Eﬀect in Atomically Thin Carbon Films.
Science 2004, 306, 666–669.
Ghosh, S.; Bao, W.; Nika, D. L.; Subrina, S.; Pokatilov, E. P.;
Lau, C. N.; Balandin, A. A. Dimensional Crossover of
Thermal Transport in Few-Layer Graphene. Nat. Mater.
2010, 9, 555–558.
Balandin, A. A; Ghosh, S.; Nika, D. L.; Pokatilov, E. P. Thermal
Conduction in Suspended Graphene Layers. Fullerenes,
Nanotubes, Carbon Nanostruct. 2010, 18, 474.
Partoens, B.; Peeters, F. M. From Graphene to Graphite:
Electronic Structure around the K Point. Phys. Rev. B 2006,
74, 075404.
Calizo, I.; Miao, F.; Bao, W.; Lau, C. N.; Balandin, A. A.
Variable Temperature Raman Microscopy as a Nanometrology Tool for Graphene Layers and Graphene-Based
Devices. Appl. Phys. Lett. 2007, 91, 071913.
Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H. R.; Song, Y. I.; et al. Roll-to-Roll
Production of 30-in. Graphene Films for Transparent
Electrodes. Nat. Nanotechnol. 2010, 5, 574–578.
Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.;
Velamakanni, A.; Jung, I.; Tutuc, I. Large-Area Synthesis of
High-Quality and Uniform Graphene Films on Copper
Foils. Nature 2009, 324, 1312–1314.
Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.;
Dai, Z.; Marchenkov, A. N.; Conrad, E. H.; First, P. N.; et al.
Ultrathin Epitaxial Graphite: 2D Electron Gas Properties
and a Route toward Graphene-based Nanoelectronics.
J. Phys. Chem. B 2004, 108, 19912–19916.
Zhang, L.; Liang, J.; Huang, Y.; Ma, Y.; Wang, Y.; Chen, Y.
Size-Controlled Synthesis of Graphene Oxide Sheets on a
Large Scale using Chemical Exfoliation. Carbon 2009, 47,
3665–3368.
Campos, L. C.; Manfrinato, V. R.; Sanchez-Yamagishi, J. D.;
Kong, J.; Jarillo-Herrero, P. Anisotropic Etching and Nanoribbon Formation in Single-Layer Graphene. Nano Lett.
2009, 9, 2600–2604.
Wu, J.; Agarawal, M.; Becerril, H. A.; Bao, Z.; Liu, Z.; Chen, Y.;
Peuman, P. Organic Light-Emitting Diodes on SolutionProcessed Graphene Transparent Electrodes. ACS Nano
2010, 4, 43–48.
Teweldebrhan, D.; Balandin, A. A. Modiﬁcation of Graphene Properties due to Electron-Beam Irradiation. Appl.
Phys. Lett. 2009, 94, 013101.
Teweldebrhan, D.; Balandin, A. A. Response to “Comment
on Modiﬁcation of graphene Properties due to ElectronBeam Irradiation [Appl. Phys. Lett. 2009, 95, 246101]”. App.
Phys. Lett. 2009, 95, 246102.
Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri,
M.; Mauri, F.; Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth,
S.; et al. Raman Spectrum of Graphene and Graphene
Layers. Phys. Rev. Lett. 2006, 97, 187401.
Gupta, A.; Chen, G.; Joshi, P.; Tadigadapa, S.; Eklund, P. C.
Raman Scattering from High-Frequency Phonons in Supported n-Graphene Layer Films. Nano Lett. 2006, 6, 2667–
2673.
Virojanadara, C.; Syvajarvi, M.; Yakimova, R.; Johansson,
L. I.; Zakharov, A. A.; Balasubramanian, T. Homogeneous
Large-Area Graphene Layer Growth on 6H-SiC(001). Phys.
Rev. B 2008, 78, 245403.
Hibino, H.; Kageshima, H.; Maeda, F.; Nagase, M.; Kobayashi,
Y.; Yamaguchi, H. Microscopic Thickness Determination of
Thin Graphite Films Formed on SiC from Quantized
Oscillation in Reﬂectivity of Low-Energy Electrons. Phys.
Rev. B 2008, 77, 075413.
Stolyarova, E.; Rim, K. T.; Ryu, S.; Maultzsch, J.; Kim, P.; Brus,
L. E.; Heinz, T. F.; Hybertsen, M. S.; Flynn, G. W. HighResolution Scanning Tunneling Microscopy Imaging of
Mesoscopic Graphene Sheets on an Insulating Surface.
Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 9209–9212.
Gaskell, P. E.; Skulason, H. S.; Rodenchuk, C.; Szkopek, T.
Counting Graphene Layers on Glass via Optical Reﬂection
Microscopy. Appl. Phys. Lett. 2009, 94, 143101.
Jun, T.; Zhong-Liang, L.; Chao-Yang, K.; Hai-Bin, P.;
Shi-Qiang, W.; Peng-Shou, X.; Yu-Qiang, G.; Xian-Gang, X.

VOL. 5

’

NO. 2

’

914–922

’

ARTICLE

individual layer is implemented with the help of the formula

921

2011
www.acsnano.org

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

NOLEN ET AL.

52. Rumyantsev, S.; Liu, G.; Stillman, W.; Shur, M.; Balandin,
A. A. Electrical and noise characteristics of graphene ﬁeldeﬀect transistors: Ambient eﬀects and noise sources.
J. Phys.: Condens. Matter 2010, 22, 395302.
53. Levy, E.; Peles, D.; Opher-Lipson, M.; Lipson, S. G. Modulation Transfer Function of a Lens Measured with a Random
Target Method. Appl. Opt. 1999, 38, 679–683.
54. Gonzalez, R. C.; Woods, R. Digital Image Processing, 3rd ed.;
Prentice-Hall Inc.: Upper Saddle River, NJ, 2006.

VOL. 5

’

NO. 2

’

914–922

’

ARTICLE

32.

Epitaxial Growth of Graphene on 6H-SiC (001) by Thermal
Annealing. Chin. Phys. Lett. 2009, 26, 088104.
Thomsen, C.; Reich, S. Double Resonant Raman Scattering
in Graphite. Phys. Rev. Lett. 2000, 85, 5214.
Ferrari, A. C. Raman Spectroscopy of Graphene and
Graphite: Disorder, Electron-Phonon Coupling, Doping
and Nonadiabatic Eﬀects. Solid State Commun. 2007,
143, 47–57.
Basko, D. M. Eﬀect of Inelastic Collisions on Multiphonon
Raman Scattering in Graphene. Phys. Rev. B 2007, 76,
081405(R).
Ni, Z. H.; Wang, H. M.; Kasim, J.; Fan, H. M.; Yu, T.; Wu, Y. H.;
Feng, Y. P.; Shen, Z. X. Graphene Thickness Determination
Using Reﬂection and Contrast Spectroscopy. Nano Lett.
2007, 7, 2758–2763.
Jung, I.; Pelton, M.; Piner, R.; Dikin, D. A.; Stankovich, S.;
Watcharotone, S.; Hausner, M.; Ruoﬀ, R. S. Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets. Nano Lett. 2007, 7,
3569–3575.
Teo, G.; Wang, H.; Wu, Y.; Guo, Z.; Zhang, J.; Ni, Z.; Shen, Z.
Visibility Study of Graphene Multilayer Structures. J. Appl.
Phys. 2008, 103, 124302.
Calizo, I.; Ghosh, S.; Bao, W.; Miao, F.; Lau, C. N.; Balandin,
A. A. Raman Nanometrology of Graphene: Temperature
and Substrate Eﬀects. Solid State Commun. 2009, 149,
1132–1135.
Calizo, I.; Bao, W.; Miao, F.; Lau, C. N.; Balandin, A. A. The
Eﬀect of Substrates on the Raman Spectrum of Graphene:
Graphene-on-Sapphire and Graphene-on-Glass. Appl.
Phys. Lett. 2007, 91, 201904.
Teweldebrhan, D.; Goyal, V.; Balandin, A. A. Exfoliation and
Characterization of Bismuth Telluride Atomic Quintuples
and Quasi-Two-Dimensional Crystals. Nano Lett. 2010, 10,
1209.
Teweldebrhan, D.; Goyal, V.; Rahman, M.; Balandin, A. A.
Atomically-thin crystalline ﬁlms and ribbons of bismuth
telluride. Appl. Phys. Lett. 2010, 96, 053107.
Shahil, K. M. F.; Hossain, M. Z.; Teweldebrhan, D.; Balandin,
A. A. Crystal Symmetry Breaking in Few-Quintuple Bi2Te3
Films: Applications in Nanometrology of Topological Insulators. Appl. Phys. Lett. 2010, 96, 153103.
Hossain, M. Z.; Rumyantsev, S. L.; Teweldebrhan, D.; Shahil,
K. M. F.; Shur, M.; Balandin, A. A. 1/f Noise in Conducting
Channels of Topological Insulator Materials. Phys. Status
Solidi A 2010, Epub ahead of print, DOI: 10.1002/
pssa.201026604.
Kong, D.; Dang, W.; Cha, J. J.; Li, H.; Meister, S.; Peng, H.; Liu,
Z.; Cui, Yi. Few-Layer Nanoplates of Bi2Se3 and Bi2Te3 with
Highly Tunable Chemical Potential. Nano Lett. 2010, 10,
2245–2250.
Dang, W.; Peng, H.; Li, H.; Wang, P.; Liu, Z. Epitaxial
Heterostructures of Ultrathin Topological Insulator Nanoplate and Graphene. Nano Lett. 2002, 10, 2870–2876.
Huang, C.; Wu, C.; Wang, C. Image Processing Techniques
for Wafer Defect Cluster Identiﬁcation. IEEE Trans. Des.
Test. Comput. 2002, 19, 2.
Parvizi, F.; Teweldebrhan, D.; Ghosh, S.; Calizo, I.; Balandin,
A. A.; Zhu, H.; Abbaschian, R. Properties of Graphene
Produced by the High Pressure - High Temperature
Growth process. Micro Nano Lett. 2008, 3, 29.
Amini, S.; Garay, J.; Liu, G.; Balandin, A. A.; Abbaschian, R.
Growth of large-area graphene ﬁlms from metal-carbon
melts. J. Appl. Phys. 2010, 108, 094321.
Subrina, S.; Kotchetkov, D.; Balandin, A. A. Heat removal in
silicon-on-insulator integrated circuits with graphene lateral heat spreaders. IEEE Electron Device Lett. 2009, 30,
1281.
Shao, Q.; Liu, G.; Teweldebrhan, D.; Balandin, A. A.
High-temperature quenching of electrical resistance
in graphene interconnects. Appl. Phys. Lett. 2008, 92,
202108.
Yang, X.; Liu, G.; Balandin, A. A.; Mohanram, K. Triple-mode
single-transistor graphene ampliﬁer and its applications.
ACS Nano 2010, 4, 5532.

922

2011
www.acsnano.org

