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ABSTRACT: Chemical vapor deposition of graphene on copper foil is an attractive method of producing large-area graphene
films, but the electronic performance is limited by defects such as creases from the film transfer process, wrinkles due to the
thermal expansion coefficient mismatch, and grain boundaries from the growth process. Here we present an all-optical technique
to correlate defect structure with electronic properties using spatially resolved Raman spectroscopy and transient absorption
microscopy. This technique is especially attractive since it does not require any lithographic steps to probe the electronic
properties of the graphene film. As a first demonstration, we focus on the effects of both wrinkles and creases while averaging
over many small grains. It was found that wrinkles and creases may decrease the charge carrier diffusion coefficient by over 50%
due to increased defect scattering. This technique may easily be extended to large grain graphene films in order to study the effect
of different types of grain boundaries.
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■ INTRODUCTION

Much of the excitement surrounding graphene is due to the
extraordinary electrical properties established on exfoliated
graphene flakes which are single crystalline and have minimal
defects. However, if graphene is to be utilized commercially,
large area films compatible with standard lithographic
techniques are needed. Growth of graphene by chemical
vapor deposition (CVD) on copper foil has emerged as an
extremely promising method of producing large area single
layer graphene films, yet the electronic properties suffer greatly
from various defects. The structure of the defects and the
nature of their effect on carrier transport must be understood in
order to optimize graphene film fabrication and make large area
graphene competitive. In this work, we present an all-optical
technique to correlate defect structure with carrier diffusion.
Because of the complications induced by the fabrication steps
necessary to pattern graphene and deposit metal electrodes as
well as the influence of electrode material and contact quality
on electronic measurements, an optical technique is highly
advantageous.
Graphene sheets were grown on a 25 μm thick copper foil

(Alfa Aesar, item No.13382) by chemical vapor deposition
(CVD) at 1000 °C following previously published proce-

dures.1,2 In order to transfer the CVD-grown graphene films
onto the desired substrate, poly methyl methacrylate (PMMA)
was first spin-coated on the surface of the as-grown graphene
on copper. The film was then placed into iron chloride solution
(0.1g/mL) to remove the copper foil, rinsed in deionized (DI)
water three times, and allowed to soak in 2 L fresh DI water
overnight to further remove remaining iron and copper
residuals. The target substrate (BK7 glass) was then immersed
into the DI water and used to lift the graphene film from the
liquid. The sample was placed into an oven in air at 80 °C for 1
h for drying. PMMA was then redeposited and allowed to cure
slowly overnight. This second PMMA step helps to reduce
cracking in the graphene. Finally, the PMMA was removed with
hot acetone. PMMA was then spun on again, and identification
marks were patterned by electron beam lithography on top of
the graphene in order to reproducibly locate specific features.
The samples were cleaned by thermal annealing in flowing
hydrogen and argon gas at 400 °C for 15 min in order to
remove polymer residue from the film transfer and lithography
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processes. Potential regions of interest were first identified
optically. Confocal Raman mapping was performed in order to
characterize the structure of the graphene film (Witec Alpha
300). The Raman system utilized a 488 nm excitation laser with
a beam spot of approximately 330 nm, and spectra were taken
at a rate of 8 points per micrometer. The laser energy was kept
low (∼1.5 mW) to avoid sample heating. The charge carrier
transport in the Raman-mapped areas was then studied
optically by transient absorption microscopy. The results are
discussed further below.

■ RESULTS AND DISCUSSION

Graphene grown by CVD on copper and transferred to an
arbitrary substrate using the above method will contain three
different types of boundaries which vary in origin and
characteristic size. The first and most fundamental are grain
boundaries which occur when grains of different crystal
orientations coalesce during growth, as described above.
These domains vary greatly in size from <102 nm to >102

μm depending on the copper substrate and the growth
conditions. The second are wrinkles due to the difference in
thermal expansion coefficient of graphene and copper.1

Graphene has a large negative thermal expansion coefficient
of −6 × 10−6/K at 27 °C while copper has a large positive
thermal expansion coefficient of 24 × 10−6/K.3 This suggests
that there will be significant shrinkage of copper relative to
graphene with cooling. This induces mechanical stress on
graphene resulting in the formation of wrinkles. These wrinkles
may span multiple graphene grains and define closed domains
which are typically a few to a few tens of micrometers in size.
The third and least fundamental type of boundary is creases
formed during the graphene film transfer process. These large
features are visible by optical microscopy and do not necessary
form closed domains. Of these three types of boundaries, only
the effect of grain boundaries on electronic transport properties
has received significant attention.4−6 All three types of
boundaries, however, may have a deleterious effect and
therefore must be characterized and understood.

An optical image of the first region under study is shown in
Figure 1a. The primary visible features are the creases. The
average Raman spectrum over the areas more than 2 μm away
from any creases is shown in Figure 1b. The 2D peak is sharp
and symmetric. The values of the full width at half-maximum
(fwhm) of the 2D peak form a Gaussian-like distribution
around a fwhm of 43 cm−1. The ratio of the intensity of the 2D
peak to G peak is low compared to mechanically exfoliated
monolayer graphene flakes but is not uncommon among values
observed in CVD-grown graphene. This is because the G peak
signal is enhanced due to the presence of regions with more
than one graphene layer7 and carbon-based residue which was
not fully removed during the annealing step. A high doping
level may also be responsible and will be discussed further
below. Maps of the G peak intensity (IG), 2D peak intensity
(I2D), and the ratio of the 2D peak to G peak intensities (I2D/
IG) are shown in Figure 1c−e, respectively.
It is clear from Figure 1c−e that the creases are not uniform

and contain many distinct features. Analysis of the Raman
spectra of the different regions reveals a wide variety of
structural characteristics. For example, the region marked with
the white arrow in Figure 1e has the lowest ratio of D peak
intensity to G peak intensity (ID/IG) and consists of several
layers of high crystalline quality graphene. The bright yellow
regions within the creases of Figure 1e consist of single layer
graphene as evidenced by large I2D/IG ratio. One possible
reason that these regions show an enhanced I2D/IG compared
to the surrounding graphene could be because they are slightly
suspended during the drying process. Ni et al. found that
suspended graphene had a higher 2D peak intensity due to the
absence of substrate charged impurities which increase carrier
density and electron or hole inelastic scattering rate which in
turn reduce I2D.

8 The region marked with the white arrow in
Figure 1d displays a large I2D and IG, such that the ratio is
indistinguishable from the surrounding graphene. This is may
be due to an interference effect which enhances Raman band
intensity due to multiple reflections of the laser or the Raman
signal itself.9 The remaining dark regions within the creases of

Figure 1. (a) Optical image of graphene transferred to glass. The green tint is from the Raman filter. The black circles correspond to the positions of
the diffusion measurements in Figure 2. (b) Average Raman spectra away from the creases. (c and d) Maps of the intensities of the G peak, 2D peak,
and 2D/G ratio, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401518y | ACS Appl. Mater. Interfaces 2013, 5, 7176−71807177



Figure 1e contain an enhanced G peak, suggesting multiple
layers, possibly due to folding.
In addition to the prominent creases, fainter boundaries

separating regions of approximately 2−6 μm in size are visible
in Figure 1c−e. These are suspected to be the wrinkles due to
the difference in thermal expansion of graphene and copper.
Corresponding features are visible in Raman maps of graphene
on copper (not shown) indicating that they are intrinsic to the
growth process and not due to the transfer. The wrinkles are
most visible in Figure 1e and are also clear in the map of the 2D
peak position (not shown), in which they are shifted to lower
wave numbers. The map of the G peak position (not shown),
however, is completely featureless. The positions of both the G
and 2D peaks in graphene have been shown to be sensitive to
doping level,10,11 with both peaks shifting with increased n- or
p-type doping. The G peak nearly symmetrically shifts to higher
wave numbers regardless of the doping type, while the 2D peak
shifts to lower (higher) wave numbers for n-type (p-type)
doping. The wrinkles discussed here, however, display a shift of
the 2D peak but not the G peak. Das et al. found that the shift
of the 2D peak due to n-type doping by electrostatic gating
became more prominent at high doping levels while the shift of
the G peak saturated.10 Additionally, they observed a decrease
in the ratio I2D/IG at high n- or p-type doping, with the value
dropping below unity for electron or hole concentrations above
approximately 2 × 1013 cm−2. These observations indicate a
high level of doping in the graphene film in this study and may
also help explain the relatively low I2D/IG observed in this work.
Electronic measurements of other graphene films fabricated
with the same procedure reliably exhibit Dirac points greater
than 30 V using a back gate and 90 nm SiO2, indicating strong

p-type doping in as-fabricated CVD graphene films. Together,
these observations suggest that the film is primarily p-doped
while wrinkles are n-doped. Interestingly, the map of the 2D
peak position of the graphene on copper is featureless. This
suggests that if doping is in fact responsible for the 2D peak
shift of the wrinkles in the transferred film, the wrinkles must
become doped either during the copper etching or transfer
process. Because the iron chloride solution used to etch the
copper is highly oxidative, it is feasible that the etchant dopes
the graphene film p-type but cannot reach certain areas of
graphene which are folded up in the wrinkles. This does not,
however, explain why the wrinkles would be heavily n-doped.
In addition to doping, strain has also been shown to cause shifts
in the G and 2D peaks.12 This is not expected to be the
dominant mechanism, however, due to the absence of a G peak
shift, which is expected to occur in conjunction with a 2D shift.
The mechanism behind the observed trend is not understood at
this point, and further studies are needed.
Grain boundaries have been reported to appear solely in the

Raman map of the D peak intensity due to the presence of
structural disorder at the location of merged grains.5,6,13 The
map of D peak intensity in this work, however, has no variation
except for some portions of the large creases. The reason that
the grain boundaries are not visible is suspected to be because
the grain size is smaller than the excitation laser beam spot. The
average grain size can be estimated based on ID/IG according to
the equation:
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Figure 2.Measurements of diffusion coefficient at the four locations marked in Figure 1a. Carrier profile width squared is plotted against probe delay
time so that the slope is equal to the diffusion coefficient. Plots a−d sequentially approach the intersection of the creases so that a is the furthest away
and d is directly on top of the intersection.
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where λlaser is the laser wavelength in nanometers.14 This yields
an average grain size of 278 nm. Given that the laser beam spot
is as small as 330 nm (provided by WITec) and the Raman
spectra are taken at a rate of 8 points per micrometer, the
absence of grain boundaries in the Raman maps is consistent
with this estimate of grain size.
With the above understanding of the graphene film structure,

the carrier diffusion was then studied. For this measurement, a
100-fs laser pump pulse with a central wavelength of 756 nm
was tightly focused to the graphene film with a spot size
(fwhm) of 2.3 μm. This excites electrons to the conduction
band by interband absorption. A 100-fs probe pulse with a
central wavelength of 1734 nm and a spot size of 3 μm is then
used to detect these injected carriers at a given probe delay via
differential transmission, defined as ΔT/T0 = (T − T0)/T0,
where T and T0 are the transmission with and without the
presence of the pump pulse, respectively. When the pump pulse
is present, the transmission of the probe pulse will be increased
because of the population of some excited states by the pump
pulse. The differential transmission of the probe pulse induced
by the carriers is measured by using a mechanical chopper to
modulate the pump beam intensity at a few kilohertz and
detecting the transmitted probe with a photodiode and a lock-
in amplifier referenced to the modulation frequency. The
differential transmission signal is proportional to the carrier
density at the probing energy and therefore can be used to
monitor the carriers. Since the laser spot sizes are about 10
times larger than typical grain sizes but smaller than typical
wrinkle and crease domains, the measurement results must be
due to either wrinkles or creases, while the effect will be one of
averaging over many grains. Using recently developed
techniques to study carrier diffusion in various positions in
this area,15 the differential transmission signal is measured as we
scan the probe spot across the pump spot with a fixed probe
delay. This yields a spatial distribution of the carriers at that
probe delay. Since the laser spots have Gaussian shapes, the
initial distribution of carriers is Gaussian. Diffusion of carriers
within the graphene film will cause the size of the distribution
to increase. Quantitatively, the squared width increases linearly
with time, with a slope determined by the diffusion coefficient15

according to the equation

ω ω= +t Dt( ) (0) 16ln(2)2 2
(2)

where ω is the width of the carrier distribution and D is the
diffusion coefficient. The squared width can be deduced by a
Gaussian fit of the measured carrier profiles and plotted as a
function of time in order to extract D, the diffusion coefficient.
In order to study the influence of the crease on carrier

dynamics, measurements of diffusion coefficient at four
locations are shown in Figure 2, represented by the black
circles in Figure 1a. Figure 2a is measured away from any
creases, and Figures 2b−d sequentially approach the wishbone
shaped intersection of creases with each subsequent point
containing an increasing contribution from the creases. At every
position the carrier behavior is best modeled by two separate
diffusion coefficients: one for short probe delay times of up to
0.6−1 ps, denoted D1, and one for longer probe delays, denoted
D2. As the excitation site approaches the crease intersection,
both D1 and D2 decrease. At every position there is a clear,
significant broadening of the carrier density profile owing to the
diffusion of carriers. Although the diffusion equation predicts an
overall linear increase of the squared width of the profile, there
appears to be two time ranges with different slopes. The initial

fast expansion is followed by a seemingly slower one. Recently,
the nature of the transient absorption signal at late probe delays
(i.e., >1 ps) in CVD graphene has been studied.16 This recent
study showed that such a slow component might be induced by
extrinsic agencies in the samples which can be removed by
prolonged laser exposure. The profiles measured at late probe
delays could be a superposition of a fast-expanding profile
induced by the charge carriers and a nonexpanding profile
caused by these extrinsic agencies. This can give rise to an
apparently slower expansion. However, at early probe delays
the carrier contribution dominates and the expansion accurately
reflects the carrier diffusion. Hence, in the following we will
focus on the initial expansion and D1 only.
To further separate the role of the wrinkles and creases, D1

was measured in two linear scans over a second region of
graphene, presented in Figure 3. Figure 3a shows an optical

microscope image of the area of interest. The curved bright
feature at the top of the image is part of a titanium alignment
marker. The two black horizontal lines denoted y1 and y2 are
separated by 1 μm and represent scans of the diffusion
coefficient D1. Each line contains seven data points with a step
size of 1 μm. The far left point is denoted as position 0 μm. A
crease runs through the center of the scan, at the 3 μm position.
The crease is clearly visible as the vertical bright yellow line

in the Raman map of I2D/IG in Figure 3b. Also visible are
wrinkles separating regions of a few micrometers in size.
Diffusion coefficient D1 is plotted against position in Figure 3c
for both scans y1 and y2. It is clear that the diffusion is worst
when the pump pulse is directly on top of the crease.
Interestingly, the differential transmission decay time constants
(not shown) show no clear trend relative to position,
suggesting that the crease does not affect carrier lifetime.

Figure 3. (a) Optical image of the region of interest. The two scanned
lines are marked with black arrows. (b) Raman map of the ratio I2D/IG
in the region shown in part a. The scale bar is 6 μm. (c) Map of
diffusion coefficient D1 versus position along scans y1 and y2.
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Scans y1 and y2 yield similar diffusion coefficients at all points
except for position 6 μm. Since the probe beam spot is 3 μm in
diameter, scans y1 and y2 will both contain information from a
shared central horizontal strip. Scan y1 (y2) will also contain
information from a strip above (below) the central strip of
graphene film. The close overlap of the two data sets is not
surprising since the crease runs equally through both scans.
The clear difference in D1 between scans y1 and y2 at position

6 μm is interesting. One possible explanation for this difference
could be the presence of wrinkles, as follows. The wrinkles may
serve as obstacles that decrease the diffusion of charge carriers,
particularly if they are charged relative to the surrounding
graphene film. The typical wrinkle domain size in this region is
approximately the size of the probe beam spot. For this reason,
the points in scans y1 and y2 are likely to have very similar
fractional areas consisting of wrinkles. At positions 5 and 6 μm,
however, it is possible that y2 may by chance probe an area
entirely or nearly within a single wrinkle domain. This would
imply that carriers can diffuse farther before encountering a
wrinkle, leading to a 50% increase in diffusion coefficient for
positions 6 μm. One interesting consequence of this hypothesis
is that the effect of the crease is comparable or smaller than the
effect of the wrinkles on the carrier diffusion judging by the size
of the dip in the center of this curve at the position of the
crease. This may be because the creases consist of folds and
bends in the graphene film which may not alter the electronic
structure much. The wrinkles on the other hand form at higher
temperatures in a more dynamic process and may be doped
relative to the surrounding graphene or consist of very sharp
folds.

■ CONCLUSION

To summarize, the microstructure of transferred graphene
grown by CVD on copper was studied with Raman
spectroscopy and correlated with optical measurements of
carrier diffusion. By avoiding patterning the film and depositing
metal electrodes, several complicating factors are avoided. We
found that, in addition to grain boundaries, wrinkles formed
during cooling after graphene growth and creases from the
transfer process both affect carrier diffusion by comparable
amounts. Additionally, it was suggested that wrinkles may be
heavily doped oppositely than the rest of the graphene film.
This could be due to the oxidizing nature of the copper etchant
which also contacts the graphene film. This work presents a
powerful technique which can be used to understand the effect
of defect structure on electronic properties of graphene films.
With the great recent advances in characterizing the structure of
different types of grain boundaries and the ability to grow
macroscopic grains, much could be learned from extending this
technique to ultrahigh quality graphene films with well-
characterized grain boundaries.
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