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Abstract

For the industrial quality control (QC) of the chemical vapor deposition (CVD) graphene, it is
essential to develop a method to screen out unsatisfactory graphene films as efficiently as possible.
However, previously proposed methods based on Raman spectroscopy or optical imaging after
chemical etching are unable to provide non-invasive and fast analysis of large-area graphene films
as grown on Cu foil substrates. Here we report that the reflection mode of confocal laser scanning
microscopy (CLSM) provides a high-contrast image of graphene on Cu, enabling the real-time
evaluation of the coverage and quality of graphene. The reflectance contrast, Rc, was found to be
dependent on the incident laser wavelength, of which the maximum was obtained at 405 nm. In
addition, Rc decreases with increasing defect density of graphene. The dependence of Rc on the
graphene’s quality and laser wavelengths were explained by the tight-binding model calculation
based on the Fresnel’s interference formula. Thus, we believe that the reflection mode CLSM would
be a very powerful quality-assessment tool for the mass production of CVD graphene films grown

on Cu.

1. Introduction

Large-area, high-quality, and continuous growth
technologies for CVD graphene have been developed
to meet the requirements for industrial applications
[1-3]. However, there has been a lack of proper
methods to check the quality of graphene in a
rapid yet non-destructive way for a mass-production
scale [4-6]. Optical microscopy (OM) has been
widely explored for imaging and characterizing CVD
graphene directly on Cu [7-13]. Dark field (DF) OM
was employed to investigate CVD graphene grown
on Cu foil using the Rayleigh light scattering from
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© 2020 The Author(s). Published by IOP Publishing Ltd

Cu steps beneath graphene, which can be adopted
only for metals that generate steps with consider-
able height differences [9]. Moreover, DF imaging by
weak scattered light is time-consuming and requires
a sample of graphene on Cu foil to be placed under
illumination for an extended period time. Thus, we
propose the reflection mode of confocal laser scan-
ning microscopy (CLSM) as a real-time evaluation
tool to monitor the coverage and quality of graphene,
as CLSM is capable of scanning a large area within a
few seconds in high-resolution, which is expected to
enable faster characterization of graphene as grown
on Cu regardless of its production scale.

The reflection mode CLSM possesses a great
potential to be utilized for the in-situ monitoring
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of the CVD-grown graphene on Cu foil as a qual-
ity assessment tool of mass-produced CVD graphene
films [14-16]. The CLSM generates high-contrast
optical images of CVD-grown graphene on Cu over a
large area with higher contrast between the graphene
layer and Cu for shorter incident laser wavelengths.
Furthermore, the quality of CVD graphene can be
characterized by CLSM because the reflectance and
the optical conductivity are inversely proportional
to the defect density [17], rendering it a quality
assessment tool of mass-produced CVD graphene
particularly important for roll-to-roll (R2R) pro-
cesses (see supplementary figure S1 (available online
at stacks.iop.org/2DM/7/045014/mmedia) for the
indication of the quality assessment step during full
R2R processes).

2. Results

2.1. Highly visible CLSM image of CVD graphene
on Cu foil

Figure 1(a) illustrates the concept of monitoring the
as-grown CVD graphene on Cu foil throughout the
continuous roll-to-roll synthetic process using the
reflective mode CLSM. In this experiment, the CVD
graphene with various coverage from sub-monolayer
to fully covered was grown on Cu foil by controlling
the growth time. As shown in figures 1(b) and (c),
the reflection mode CLSM image of CVD-grown
graphene on Cu foil precisely reveals the coverage
of graphene on Cu foil; graphene is observed as a
bright region while Cu is observed as a dark region.
For sub-monolayer graphene samples with coverage
less than 100%, graphene is precisely distinguishable
from Cu due to the high contrast between graphene
and Cu, which makes it easy to identify areas where
the graphene is not covered. Meanwhile, the fully
covered graphene samples did not show any contrast
in CLSM image as shown in figure 1(d). In practice,
the CLSM that provides high visibility of graphene on
Cu can be used as a powerful tool to monitor whether
graphene on Cu foil is fully grown, which is indis-
pensable for quality assessment of CVD graphene in
a mass synthetic process.

Figures 2(a)—(c) compare the images of CVD-
grown graphene on Cu foil using conventional bright
field (BF), dark field (DF) microscopy, and CLSM in
the same region. It reveals that the reflection mode
CLSM offers a significant improvement over BF and
DF for imaging graphene on Cu. It is well known that
Cu is immediately oxidized in air, turning dark yellow
in the BE which allows the faint distinction between
graphene and Cu as shown in figure 2(a). In real-
ity, the partially-grown CVD graphene on Cu foil is
hardly discernible from the non-oxidized Cu [18, 19].
In figure 2(b), the graphene edge is highlighted in the
DF, and the grain boundary and protruding surface
of Cu are brightened by Rayleigh scattering. How-
ever, it is evident from the CLSM image of figure 2(d)
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that the CLSM enables very distinct and selective ima-
ging of CVD grown graphene on Cu foil, compared
to BF and DF images. In the DF image, the rough-
ness of the Cu foil was also highlighted as indicated
by the red dotted circle, but the graphene domain was
clearly visible only in the CLSM. The AFM image of
the CVD grown graphene on Cu foil shown in fig-
ure 2(d) was captured in the area marked with the
red square in CLSM image of figure 2(c). As repor-
ted earlier, the Cu step was well observed beneath the
graphene domain and the Cu roughness was relatively
higher near the graphene edge, which highlights the
graphene domains in DF image [8, 9]. However, no
apparent height difference was observed at the inter-
face between graphene domain and Cu.

2.2. Variable reflectance contrast upon the laser
wavelength
Figures 3(a)—(d) show the CLSM images of the CVD-
grown graphene on Cu foil obtained under four dif-
ferent laser wavelengths: 405, 488, 543, and 633 nm.
Although the illuminated area is identical, the images
are significantly different. It clearly displays the con-
trast between graphene and Cu dependent on the
incident laser wavelength. The greatest contrast was
obtained under the shortest wavelength of 405 nm.
The grayscale histograms below CLSM images were
acquired from the identical area shown as a red box in
figures 3(a)—(d). They were separated with two gray-
scale peaks of relatively bright graphene and dark Cu,
which are well fitted to red and black Gaussian distri-
bution curve, respectively. As visibly seen in the gray-
scale histogram, these two peaks of graphene and Cu
gradually come closer as the incident laser wavelength
increases and eventually become almost indistin-
guishable from each other at 633 nm. The reflectance
contrast of graphene on Cu, R, was extracted from
these two Gaussian peaks of graphene and Cu in the
grayscale histogram. It is computed by dividing the
median of the Gaussian curve of graphene by that of
Cu. The values are 1.260, 1.116. 1.057 and 1.025 at the
respective wavelengths of 405, 488, 543, and 633 nm.
Then, the sample of CVD-graphene grown on Cu
was illuminated with and without pinhole, and the
acquired images were compared with each other (fig-
ure S2 in supplementary material). Interestingly, the
CLSM images were identical regardless of the pres-
ence/absence of the pinhole at all wavelengths. This
suggests that the highly visible CLSM image of CVD
graphene grown on Cu foil is not a confocal image
produced by a pinhole, which would only select the
in-focus region and eliminate all light from the out-
of-focus plane. The depth of focus for x 100 objective
is about 490 nm, far exceeding the graphene thickness
of 0.3 nm. Therefore, all CLSM images of CVD grown
graphene on Cu were taken without a pinhole in this
experiment.
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Figure 1. Concept of in-situ monitoring of the as-grown CVD graphene on Cu using CLSM. (a) The concept of monitoring the
as-grown CVD graphene on Cu foil during the continuous roll-to-roll synthetic process using the reflective mode CLSM. (b)—(d)
The CLSM images of the CVD graphene with various coverage from sub-monolayer to fully covered on Cu foil controlled by
growth time of 10, 13, and 30 min, respectively. High visibility of graphene on Cu in CLSM images of (b)—(d), in which the

graphene domain is a bright region and Cu is a dark region, makes it possible to determine whether graphene growth is complete.
Scale bar: 10 pm.
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Figure 2. Comparison of BE, DF and CLSM images of CVD graphene on Cu. The images of CVD-grown graphene on Cu foil with
coverage of sub-monolayer in the same region obtained by (a) bright field microscope, (b) dark field microscope, and (c) CLSM.
The morphology of graphene domains on Cu foil was measured by AFM, as shown in (d). The height profile in the right, which is
taken at a red dotted line in (d), clearly shows that the Cu steps beneath graphene domain, but no apparent height difference at
the interface between Cu and graphene domain. Scale bar: 10 pem.
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Figure 3. Dependence of CLSM images on the incident laser wavelength. The CLSM images of the CVD-grown graphene on Cu

histograms in (e) and (f) were obtained in the area indicated by the red box in each CLSM image above. The black and red
Gaussian curves in the grayscale histogram correspond to dark Cu and bright graphene, respectively.
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Figure 4. Measured and calculated reflectance contrast with optical conductivity. (a) The real and imaginary parts of the optical
conductivity of graphene were drawn according to equations (3) and (4) as a function of wavelength. (b) The calculated and
measured Rc of graphene on Cu were compared at four laser wavelengths of 405, 488, 543, and 633 nm, respectively.
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2.3. Theory of reflectance contrast in CLSM image
Here, we investigate the origin of the high con-
trast seen in the CLSM of graphene grown on Cu
by CVD. To calculate the optical reflectance spec-
tra, we assumed an independent layer approximation
between Cu and graphene sheets (figure S3 in sup-
plementary material). We applied Fresnel’s interfer-
ence formula to calculate the optical contrast of CVD
grown graphene on Cu as following

e () + 72 g |

Re(w) = Mew (w) + UGE:(OW) +1
cu o

2
A (W) — 1

A (W) + 1

(1)
where n¢, is the refractive index of copper, ogp is the
optical conductivity of graphene, ¢, is the dielectric
permittivity of vacuum, and c is the speed of light
[16]. Here, Rc > 1 is judged by the CLSM images
in the experiment. We set the refractive indices of
Cuas1.3009 412.1595, 1.2297 +12.5379, 1.0523 +
12.5833, 0.26965+13.4106 for 405, 488, 543, and

633 nm, respectively. When the approximated optical
conductivity of %(;”) ~ ma is set near Dirac-cone,
the optical reflectance contrast Rc yields unphysical
values of less than 1 [20]. This indicates that the
optical conductivities of graphene on Cu have differ-
ent spectra in the visible range. Therefore, we applied
a tight-binding model to estimate the optical prop-
erties of graphene on Cu [21-25]. Under Dirac-cone
approximation, we consider up to the second-order
term of the tight-binding model to account for the
visible range of the spectrum. For wavelengths below
400 nm, strong carrier-carrier interaction leads to
van Hove singularity in the electronic joint dens-
ity of states. Therefore, our approximation applies
only within the visible spectra (E < 3.1 eV) or less.
If the electronic temperature value is lower than
the chemical potential, i.e. T/u — 0, the optical
conductivity is Drude-like given by intraband and
interband contributions [24]:
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where e is the charge of an electron and 7 is Plank
constant. The 6 (x) in equation (2) is Heaviside-step
function, accounting for Pauli blocking. We assume
that the collision rate is negligible compared to v <
w. Temperature corrections lead to real and imaginary
parts of the optical conductivities [25, 26].

wii-ans () (o (3

hw + 241 hw —2p
X [tanh4kBT + tanh 4k3T} , (3)
Im[o] = o e
~ 03\/§hw
3t E
Re [{dEp (E)g<t> [fep (—E) — fro ()]
4E

; (4)

. (hw +i0+)* — (2E)?

i

where 0y = ¢*/4h is termed the ac universal con-
ductivity of the graphene, ¢ is the hopping para-
meter connecting first-nearest neighbors with the
value of the order 3 eV, kg is the Boltzmann constant,
p(E) is the density of states per spin per unit cell,
and fp (x) =1/ (e*#/kT 4 1) is the Fermi-Dirac
function, respectively. Here the unknown function
g(x) is defined as g (x) = 18 — 4x*. In figure 4(a), the
optical conductivity calculated by the equations (3)
and (4) is plotted as a function of wavelength for the
range of laser wavelengths used in this experiment.

2.4. The coincidence between the calculated and
measured reflectance contrast

Next, we applied the optical conductivity of equa-
tion (3) and (4) to calculate the reflectance contrast
of CVD-grown graphene on Cu at laser wavelengths
of 405, 488, 543, and 633 nm. The calculated con-
trast is 1.447, 1.326, 1.277, 1.043 at 405, 488, 543,
633 nm, respectively. The calculated Rc were all >1,
which is consistent with the experimental results. The
calculated experimental and theoretical Rc values are
compared in figure 4(b). The wavelength depend-
ence of the calculated Rc follows the same trend as
the measured, suggesting that the assumption of our
calculation holds true. However, the calculated and
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measured Rc exhibit a difference of about 0.2 at all
wavelengths except 633 nm at which the Rc is very
close to 1. This difference can be attributed to the fact
that CVD grown graphene has some atomic defect
and tensile strain caused by the different thermal
expansion coefficient of graphene and Cu, providing
a lower optical conductivity than the ideal value [17,
27, 28].

In addition, we took the CLSM image of CVD
graphene transferred onto Cu by the wet transfer
method and compared it with that of CVD graphene
grown on Cu. The Rc value of the CVD graphene
transferred on Cu is <1 with dark graphene relative
to Cu in the CLSM image (figure S4 in supplement-
ary material). We infer that the reversed contrast in
graphene transferred on Cu comes from the differ-
ence in the refractive index of Cu oxide thin film on
Cu surface and the foreign matter or air gap present
between the transferred graphene and Cu foil [29, 30].

2.5. Characterization of CVD graphene on Cu with
CLSM

According to equation (1), it is expected that the
contrast of graphene in the CLSM image varies with
the optical conductivity of graphene, ogp(w), which
could make CLSM applicable to characterize the CVD
graphene.

To further confirm this, we synthesized CVD
graphene at different temperature of 700, 800, and
1000°C and their corresponding Raman spectrum are
shown in figure 5(a). The full width of half maximum
(FWHM) of 2D and the intensity ratio of D/G are
extracted from the Raman spectrum in figure 5(a)
and plotted as a function of the growth temperature
in figure 5(b). It clearly shows that the FWHM of 2D
and the D/G intensity ratio decrease as the growth
temperature increases. It has been demonstrated in
the previous study that the carrier mobility of CVD
graphene is closely related to the FWHM of 2D and
can be estimated by the empirical equation as a func-
tion of the FWHM of 2D [31, 32]. Following this,
we calculated the carrier mobility of CVD graphene
grown at 700, 800, and 1000°C from the FWHM of
2D peak, of which value is 357, 619 and 8105 cm?/V's
at 700, 800, and 1000°C, respectively. Now, we com-
pared the CLSM images of CVD graphene grown at
different temperature. To see Rc of CVD graphene in
the CLSM image, the CVD graphene was not fully
grown on Cu foil by keeping the growth time for
13 min.

We analyzed the line profiles of grayscale using
CLSM images for more than 10 graphene domains
instead of grayscale histogram since the small-sized
graphene domain produces small peaks, making it
difficult to distinguish the graphene and Cu peaks
in the grayscale histogram (figure S5 in supplement-
ary material). The average resultant Rc, obtained by
the grayscale ratio of graphene to Cu, was 1.12, 1.22
and 1.31 for CVD graphene grown at 700, 800 and
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1000°C, respectively. Figure 5(c) shows that the Rc
decreases as the growth temperature decreases, which
has a same tendency with the carrier mobility of CVD
graphene. Therefore, it is considered that the reduced
optical conductivity of CVD graphene having a lower
carrier mobility is probably responsible for lower Rc
of CVD graphene grown at low temperature.

We also compared the CLSM images of pristine
and nitrogen-doped CVD graphene by N, plasma
treatment [33, 34]. As a result, the contrast of
nitrogen-doped graphene on Cu appears to be
weaker than that of pristine graphene. The Rc val-
ues of pristine and nitrogen-doped graphene on Cu
acquired from CLSM images is 1.24 and 1.13, respect-
ively (figure S6 in supplementary material). As dis-
cussed above, the low Rc of nitrogen-doped graphene
is probably induced by reduced electrical and optical
conductivity through nitrogen doping as reported in
many previous works [35]. Based on these results,
we suggest that the reflectance mode CLSM can be
applied to monitor the quality as well as the growth
step of CVD graphene in-situ during the growing pro-
cess.

3. Conclusion

This study demonstrates that the reflective mode of
CLSM enables real-time evaluation of CVD graphene
on Cu foil by monitoring the changes of reflect-
ance contrast, Rc, of graphene relative to that of Cu.
In comparison to BF or DF, the graphene domain
is more clearly distinguishable in the CLSM image,
enabling the rapid evaluation of CVD graphene cov-
erage on Cu foil. The Rc of graphene measured
from the CLSM image for varying incident laser
wavelength was consistent with the Rc calculated
from the Fresnel’s interference formula in which the
optical conductivity of graphene is given as a function
of wavelength. It was experimentally observed that
nitrogen-doped and defective graphene have lower
Rc than pristine graphene, which is due to the lower
optical conductivity of defective graphene as specu-
lated. Based on these results, we suggest CLSM as a
powerful tool for in-situ monitoring and qualifica-
tion of CVD graphene on Cu foil, which serve as a
key factor to promote reliability in an industrial mass
production of graphene.

4. Method

4.1. Growth and doping of CVD graphene

CVD graphene was synthesized on 25 pum thick Cu
foil (99.7% in purity) through a low-pressure CVD
method. A mixture of hydrogen and methane gases
(H, 5 scem/CHy4 80 sccm) were introduced into a
quartz tube furnace and heated to the desired temper-
ature under a pressure of 30 mTorr, followed by the
annealing of Cu foil under hydrogen atmosphere for
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30 min. The CH4/H, gas flowing time was differenti-
ated to control the coverage of graphene layer on Cu
foil from a sub-monolayer to a fully covered mono-
layer. To synthesize nitrogen-doped graphene, the as-
grown CVD graphene on Cu foil was treated with N,
plasma for 5 s. To generate N, plasma, a plasma cham-
ber was filled with N, gas (5 sccm) was treated with
a RF power of 10 W and evacuated to a pressure of
107 Torr.

4.2. Characterization

The CVD-grown graphene on Cu foil was character-
ized by an optical microscope (Olympus CX41) in
BF and DF modes, atomic force microscopy (AFM),
Raman spectroscopy, and x-ray photoelectron spec-
troscopy. The surface morphology of CVD-grown
graphene on Cu was observed over 10 x 10 pm?
using AFM in non-contact mode with a scanning rate
of 0.3 Hz (Park system, XE-100 model). The Raman
measurement was carried out using Renishaw micro-
Raman spectroscopy system. All samples were excited
by an Ar™ laser with an excitation power of 120 mW at
awavelength of 514 nm with a spot size of 1 ym. x-ray
photoelectron spectroscopy (XPS) measurement was
carried out on a Thermo Scientific Sigma Probe ESCA
spectrometer using a monochromic Al x-ray source.

4.3. Confocal laser scanning microscopy

The CVD graphene on Cu foil was imaged by LSM
710 (Carl Zeiss, Germany) in reflection mode with
four different visible lasers for illumination: diode
(Adiode = 405 nm), Ar (Ax, = 488 nm) and HeNe
(AHene = 543, 633 nm). For a highly magnified image
with an objective of x100 (N.A. = 1.30), the sample
was loaded on a stage covered with a glass micro-
scope slide down after putting oil on an objective to
achieve the CLSM image with high resolution. Then,
the laser was focused on the samples, and the reflected
images were collected by a photomultiplier tube. The
distance between the sample surface and the object-
ive lens are adjusted to compensate for chromatically
different focal distances. We operated the CLSM with
the pinhole open to prevent any effect of the depth of
focus and form images with the reflectance contrast.
The images acquired from with and without a pinhole
at different laser wavelengths are summarized in fig-
ure S2. A grayscale histogram of the acquired image
was analyzed using the LSM 710 ZEN software (Carl
Zeiss, Germany). Multilayer graphene films grown on
Ni or Cu and h-BN on Cu were also imaged by CLSM,
showing a reversed contrast or maximum contrast at
longer laser wavelengths as summarized in figures S7—
10.

4.4. Simulation

The optical conductivity of graphene is derived from
the tight-binding approximation. The carriers in
graphene can be expressed by the relativistic mass-
less Dirac equation in (2 + 1) dimensions. The
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Dirac Hamiltonian H = Vyo,p, gives the energy
spectrum of charge carriers in the electron (m = 0)
and hole (m = 1) bands in E; = (—1)"Vghk. The
corresponding wave function is ‘Em> Here the
04’s are Pauli matrices with o= (X,y), po is the
momentum operator, k= (kx,ky), and k= |k| is
the wave vector. Using Kubo formula, the effect-
ive conductivity of the graphene can be obtained
consisting of intraband and interband contri-
butions, i.e. (W)= Tintraband (W) + Tinterband (W),
Tinraband (W) = iz 7> Ointerband (W) =

&0 (o — 2u])} + i log | F=4)

where

(2] ]
If the graphene lies between medium 1 (air) and
2 (copper), the boundary conditions from Maxwell’s
equations at z = 0 are given by:

[51 (E +E,) — szﬁt] = pgmphene

where €, and ¢, are the permittivity and u; and p,
are the permeabilities of the two media. Here, pS'oPhene
is the graphene charge density, and Ej, E,, and E; are
the incident, reflected, and transmitted electric fields.
Solving further leads us to obtain:

(E; — E;)cost) — E;cos0, =0

A /i (Ei+E,)— 4 /EE[ = 0 (w) E;cosb,
H1 H1

Note that the magnetic fields are perpendicular
to the plane of incidence. If we apply the continuity
equation in momentum space,

kx

ky.
x (w) = ;U((A})Ex = ZO’(W)EtCOSHZ

pgmphene _

With zero magnetic permeabilities, we obtain the
transmission and reflection coefficients:

. E, 211 cos b
=7 = 0, c0s0;
Ei ncosby + nycosh + %O‘COSZ
E, —nicosth+n;cosb; + %ﬂelwsez
= E = o(w)cosBcosh,
i ny cost, + nycos) + ——~——1—"=

ceo

Note that if graphene is absent then the above
coefficients lead to the ordinary results. Finally, we
get the reflectance and transmittance as a function of
wavelength and chemical potential:

R, = ’rp‘z
_ n2c0592| |2
Py cosO, P
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