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ABSTRACT

Growing graphene on copper (Cu) by chemical vapor deposition (CVD) has emerged as a most
promising approach to satisfy its practical requirements, but the fast and large-scale
characterization of its grown adlayers remains a challenge. Here we present a facile and
inexpensive method to directly identify the multilayer graphene stacks on Cu by optical
microscopy, using simple ultraviolet and heating treatments. The sharp optical contrast,
originating from the variation in copper oxide thickness underneath graphene, reproduces the
stacking geometry with high fidelity to scanning electron microscopy observation, demonstrating
the correspondence among the optical contrast, the oxide thickness variation and the stack of
adlayers. The close correlation roots in the throttling effect of graphene grain with discrete
structural defects in controlling the rate-determined copper oxidizing agent supply. We believe
that this approach can enable large-scale evaluation of CVD-derived graphene quality, which are

critical for optimizing CVD processing parameters of graphene growth.



Graphene, a new two-dimensional material, has been attracting enormous research interests in
various fields over the past decade, due to its excellent mechanical, thermal, and electrical
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proper‘[ies.l'4 Among the different graphene synthesis methods,” " chemical vapor deposition

(CVD) on copper (Cu) foils has proven to be the most promising and efficient one to obtain
graphene samples with different crystallinity and layer structures up to wafer scale.” '
However, as graphene nucleation is a process originated from the carbon (C) super-saturation at
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the active sites of Cu surface, graphene adlayers are always simultaneously formed during

the growth of the monolayer, depending on CVD conditions such as temperature, hydrogen and
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methane concentration, texture and pre-treatments of Cu substrates. The overall
uniformity will be impaired due to the thickness variation in graphene with adlayers, being
detrimental to applications of large-scale electronic device integration. By far, it remains a
challenge in fast and large-scale characterization of adlayers in a CVD-derived graphene film.
Scanning electron microscopy (SEM), Raman spectroscopy, and atomic force microscopy (AFM)
are the most widely used techniques. SEM can directly detect the graphene adlayers on Cu based
on their number-of-adlayer related secondary electron yields, but the scanning field is limited in
scale of millimeters. Raman and AFM characterizations are not applicable to the direct
measurements of as-grown graphene adlayers on Cu due to the substrate fluorescence or surface
roughness. These measurements demand a polymer-assisted transferring process of graphene
from its grown substrate to other flat substrate. For OM characterization, SiO, (285 nm in
thickness) / Si wafers are usually taken as the flat substrates,”” on which graphene and its
different adlayers are made visible to some wavelength range of visible light owing to the 2.3%

absorption per graphene layer and the refraction of the thin SiO, film. For the purpose of

graphene adlayer detection and uniformity evaluation, graphene transfer is rather time-



consuming and expensive because of the involved Cu-etching process as well as the necessary
chemicals and special substrates.'" >4

Surface oxidization combined with optical microscopy (OM) provides another approach to
directly characterize the uniformity of CVD-derived graphene on its grown substrate of Cu foil
without any transferring process. Duong et al. found that ultraviolet (UV) light can selectively
oxidize Cu underneath graphene grain boundaries, making them visible by conventional OM.*
Oxidation creates structural defects in graphene with the help of Cu catalysis, emerging as a new
microscopic method to probe graphene layers. Gan et al. recently developed a technique to
directly visualize the second layer of graphene on Cu using OM, by employing an ambient-

condition heating process to remove the top graphene monolayer.”® However, no graphene

multilayers beyond bilayers can be probed by this method.

Here we present a facile and inexpensive method to directly identify multilayer graphene
stacks on Cu by OM, using simple UV treatment followed by heating at ambient conditions. The
sharp optical contrast, originating from the variation in copper oxide thickness underneath
graphene grains, reproduces the stacking geometry with high fidelity to the SEM observation of
the pristine samples, demonstrating the correspondence among the optical contrast, the copper
oxide thickness variation and the number and stack of adlayers. The close correlation roots in the
throttling effect of graphene grain with discrete structural defects in controlling the rate-

determined copper oxidizing agent supply.

RESULTS

Oxygen-assisted CVD developed by Hao et al. provides a method to obtain large-scale

graphene single crystals by suppressing the active sites on Cu for graphene nucleation.'* We



adopted this method to synthesize the pristine graphene samples with typical grain sizes range
from 0.5 to 1 mm. The visualization procedure simply consists a two-step treatment, as schemed
in Figure la. Pristine graphene single crystals, which have no color contrast, are firstly exposed
in the UV light for 3 hours using a common UV lamp with power output of 20 uW-m >, followed
by heated on a hot plate at 300 °C in air. The UV treatment duration can be greatly reduced by
increasing the light intensity. For clarity, pristine graphene is illustrated with a slight color
difference from the Cu substrate in Figure la(i). After oxidation, a set of six-fold patterns with
star-like or hexagonal shapes with strong color contrast is observed by OM (Figure 1b), which
reproduces the geometry of graphene adlayer stack within this graphene single crystal observed
by SEM in the same region (Figure 1c). The second (2L), third (3L), fourth (4L) and fifth (5L)
layers from the outermost to the innermost can be clearly identified, and the overview of the
much larger-sized graphene first layer (1L) is shown in Figure S1 in Supplementary Information.
These consistent observations between the oxidation/OM and SEM demonstrate the
practicability of this new method for the direct identification of different graphene adlayers on

Cu surface.

The processing time of UV and/or heating is varied in order to clarify the factors that affect
graphene adlayer visualization. Figure 2 compares the dependence of visualized graphene layer
number on the UV treatment time of 60 min, 120 min and 150 min followed by fixed-time
ambient heating for 30 s. Consequently, the 2L, 3L and 4L of graphene adlayers can be
distinguished with prolonged UV-treatment time. The corresponding SEM images of the same
graphene grains prove that they actually contain more graphene adlayers with at least four layers,

as shown in Figure 2d-f. This demonstrates that the extent of graphene adlayers that can be



visualized is strongly dependent on the time of UV treatment, and longer time of UV exposure

helps visualize graphene adlayers with more layer numbers.

Figure 3 compares the OM images of graphene grains after UV exposure with and without
ambient-condition heating. With no heating treatment, the outline of the second and up to the
third adlayer can be discernible by OM after the UV-light exposure for 150 min (Figure 3c) or
even longer time. The contrast among different number of adlayers are relatively weak with only
UV treatment, suggesting less severe oxidation to the Cu substrate. This contrast can be
significantly enhanced by 30 s ambient-condition heating at 300 °C (Figure 3d-e). As discussed
later, the grey scale of the contrast is closely related to the thickness of the copper oxide.
Furthermore, the 3L and 4L are visible at the center areas of graphene grains with pre-UV
treatment for 120 min and 150 min, respectively, which are invisible with only the UV treatment.
For all the graphene grains shown in the OM images of Figure 3, the center adlayers are
displayed in a bright color and the surrounding adlayers are relatively darker. This color
difference suggests less oxidation of the center region due to the better protection from oxygen
attacking with increased number of graphene adlayers. It is noted that a longer heating process
will reduce the color contrast from different number of graphene adlayers (Figure S2 in
Supplementary Information). Optimized processing time highly depends on the heating
temperatures, ranging from 10 s (300 °C) to 12 min (200 °C) in order to maximize the contrast
for identifying geometries of at least 4L graphene adlayer stacks (Figure S3 in Supplementary
Information), given a fixed UV exposure. Figure 3g summarizes the effect of the time of UV
treatment and heating on the adlayer layer visualization. Without heating, up to 3L graphene
adlayer can be visualized by UV exposure regardless of its treating time. A followed 10 s

ambient-condition heating render more pronounced effect of the same UV treatment, as



exemplified by visualizing hexalayer graphene stacks with a common UV lamp (Figure S4 in
Supplementary Information), €.g. a low-pressure Hg light with power output of 20 pW-m > and
majority light at a wavelength of 254 nm. Such post short-time ambient-condition heating

process is critical in enhancing the optical contrast so as to realize the visualization.

The optical contrast of stack graphene adlayers comes from the different underneath copper
oxide thickness. Figure 4a plots the height contour of a graphene single crystal area with stacking
adlayers after 3 h UV exposure followed by 30 s ambient-condition heating treatment. The
height profile along the dashed line in Figure 4a presents a clear tendency of decreased height
from 5L to 1L. The abrupt height difference across the boundaries of adjacent adlayer regions is
in the order of tens of nanometers. Considering that the thickness of a graphene monolayer is

7 such difference in heights of adjacent adlayers is the manifestation of the

only 0.34 nm,’
thickness variation of the underneath copper oxide (CuxO) due to oxidization by both UV and
heating treatments. The existence of the CuyO layer can also be supported by OM imaging using
light with different wavelengths. Since the reflectance of a Cu,O layer is strongly related with its
thickness and the light wavelength,”® the oxidized graphene samples take different optical
contrast when observed using light with different wavelengths. Figure 4b and ¢ compare the OM
images of the same graphene area but observed using yellow and blue light, respectively.
Regardless of the overall background color for the images, the adlayers in the same graphene
grain exhibit different contrast for varied layers when shined by yellow or blue light. This
observation confirms the assumption that the contrast of graphene adlayers originates from the
different reflectance of CuxO layer with varied thicknesses. The reduction-oxidation experiments

on the oxidized graphene sample is consistent with the above observation as well (Figure 4d-e).

A mild reduction of oxidized graphene by acetic acid fully smear out the color contrast of its



adlayers. A re-heating treatment to this sample easily brings the color contrast back to its original
state, as shown in Figure 4d-e. Most importantly, the height contour (Figure 4a) reproduces the
pentalayer graphene stack geometry with high fidelity to the OM image of the same region
(Figure 4b-c), directly demonstrating the correspondence among the optical contrast, the copper

oxide thickness variation and the number of adlayers.

The oxidation of the underneath Cu substrate requires diffusion of oxygen species through the
stack graphene adlayers. It is expected that the structural modification to graphene by UV or
heating treatments plays a key role in enabling visualization of the number of adlayers by OM.
Confocal Raman spectroscopy was employed to characterize the different pristine and oxidized
graphene samples. All samples were transferred to Si/SiO, substrate in order to avoid strong
fluorescence from Cu substrates. Raman spectra from a non-treated graphene grain (Figure 5a)
exhibited clear and well-defined fingerprints of areas that contain different number of layers,
such as G-bands with different intensities, 2D-bands with different band positions and full-
width-at-half-maximum (FWHM) values, as well as the varied ratios between the G- and 2D-
bands (2D/G ratio).”” These Raman spectrum features are consistent with the layer numbers
measured by the SEM images. Moreover, for all different layers in pristine graphene, the Raman
spectra of the adlayers show negligible D-band (Figure 5a), indicating the overall high quality
across this sample. No significant difference in Raman spectra was observed between pristine
and ambient-condition heated graphene samples (Figure 5b), except appearance of a small D
band in the graphene monolayer after a short time ambient heating at 300 °C. In contrast, the
prolonged UV treatment induces more structural defects. Apparent D-bands emerge for all the
Raman spectra of graphene with different layer numbers after a 3-hour UV treatment (Figure 5c¢),

which indicates quality reduction due to the UV-generated structural defects. Especially, the D-



band intensity is higher than that of the G-band for the Raman spectrum of 1L graphene. The D-
band to G-band ratio (D/G ratio) is approximately 1.3. This ratio decreases with increasing
number of graphene layers, suggesting a reduction of the average density of UV-generated
defects. A synergetic effect has been observed if graphene grains are treated by a short-time
ambient heating after UV exposure. Much higher D-bands show up in Raman spectra of all stack
graphene adlayers (Figure 5d). Theoretical results show that oxygen etching of the edge atoms in
grain has an activation energy of approximately 1.1 eV,’® and with the unrestricted access of
oxygen from the exposed Cu to the graphene edge, it is possible to lower this oxidation
resistance and destruct monolayer graphene areas that are in contact with Cu surface by
expanding from the edges of the defects or cracks, as demonstrated by Gan et al..”* However,
this oxygen etching process only precisely occurs to the monolayer areas but not the
multilayers.*® This can also be confirmed by the D-bands that only observable in the 1L graphene
but not the others. On the other hand, when UV treatment is solely adopted, the oxygen atoms
can bond effectively to the C atoms of the graphene, with an activation energy of 5.6 eV.*' The
oxidation process can further lead to the release of CO or CO, molecules,” resulting in the
formation and expansion of surface vacancies in all different layers, which provides additional
graphene edges for the followed oxygen etching process of these layers by the ambient-condition
heating treatment. It is therefore expected that abundant oxygen molecules in air react more
easily with sites containing non-sp’ bonds at elevated temperatures, which explains that the
ambient heating causes fast structural destruction of defective graphene (Figure 5e). On the other
hand, the UV treatment induces discrete defects for both the low chemical reaction selectivity

and the low concentration of reactive oxygen species (Figure 5f).



DISCUSSION

Previous studies have shown that low temperature copper oxidation (T < 300 °C) leads to
formation a uniform film of Cu,O or Cu3O; in the early stage (< 10 min).”* The oxide film is
porous with thickness less than a few hundred nanometers. The fast diffusion of ambient oxygen
through a porous thin oxide film renders that the oxidation kinetics in this step is solely
determined by the low-temperature chemical reaction on the CuyO/Cu interface when a Cu foil is
heated in air at 300 °C. Different scenario will be expected if the Cu surface is fully isolated from
oxygen molecules by conformally covered pristine graphene (Figure 6i). In between the two
limiting cases, a graphene grain with discrete structural defects may act a throttle in controlling
the oxidizing agent supply. Room temperature UV exposure in air is a facile and easily available
method to mildly induce defects into graphene grains without causing structure destruction, as
shown by Raman spectroscopy (Figure 5c). During UV treatments, a small amount of ground

state O(’P) atoms and ozone (O3) molecules are generated
0, + hv=20(P)
OCP) + 0, = 05

O; is only physisorbed on graphene surface, while O(’P) is absorbed on the bridge site of the C
hexagons to form an epoxy group, which can further induce vacancies into the topmost layer by
removing carbon atoms together with their bonded oxygen epoxide groups.’" ** ** These
vacancies expose the second topmost layer to the UV/O(’P) environment, leading to a similar
process of C atom removal. This process can be extended to the most inner graphene adlayers,
given enough UV/O(CP) exposure. The effect of UV treatment is schematically shown in Figure

6ii.. Meanwhile, the Cu surface underneath the defective few-layer graphene will also be
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oxidized by OCP) (Figure 6iii), appearing optical contrast with layer number. However, the low
concentration of O(’P) greatly limits the growth of CuxO, rendering very poor optical contrast
(Figure 3a-c). Only 1L, 2L and 3L regions can be identified by exclusive UV treatments. The
contrast enhancement is realized after ambient condition heating treatment. At 300 °C, CuxO
almost instantaneously forms when oxygen molecule reaches Cu surface by diffusing through the
UV-generated vacancy channels in stack graphene adlayers. Fewer channels are available in
thicker graphene layers, rendering differential oxygen supply and consequently variation in
copper oxide thickness. This process is outlined in Figure 6iv. It is noted that optimized UV
treatment time will maximize the difference in the throttling effect of stack graphene adlayers,
which determines number of adlayers can be identified in combined with ambient heating (See
summary in Figure 3g). On the other hand, a prolonged heating at 300 °C will finally smear out
the optical contrast in different regions due to the severe oxidation of defective graphene as
revealed by Raman spectroscopy (Figure 5d). Therefore, we adopt a low temperature of 300 °C
and a short time of less than 30 s to maximize the optical contrast. Under this condition, Cu is
reactive to oxygen molecules while graphene grains still retain certain structural integrity in

order to keep the throttling effect.

In summary, we realize a direct identification of multilayer graphene stacks on Cu by optical
microscopy after a combined treatment of UV exposure and ambient-condition heating. The
sharp optical contrast, originating from the variation in copper oxide thickness underneath
graphene grains, reproduces the stacking geometry with high fidelity to SEM images of pristine
samples, demonstrating the correspondence among the optical contrast, the copper oxide
thickness variation and the number of adlayers. The close correlation roots in the throttling effect

of graphene grain with discrete structural defects in controlling the rate-determined oxidizing
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agent supply. Room temperature UV exposure in air is a facile and easily available method to
mildly induce vacancies into graphene grains without causing structure destruction, which
further forms oxygen-transportation channels, given enough UV/O(CP) pre-treatment. A
following ambient condition heating treatment is necessary to enhance optical contrast so as to
visualize pentalayer graphene stack on Cu. Copper oxide almost instantaneously forms at
elevated temperatures when oxygen molecule reaches Cu surface by diffusing through the UV-
generated vacancy channels in stack graphene adlayers. Fewer channels are available in thicker
graphene layers, rendering differential oxygen supply and consequently variation in copper oxide
thickness. This approach is simple and inexpensive. We believe that it can enable large-scale
evaluation of CVD-derived graphene quality, which will be critical for optimizing CVD

processing parameters of graphene growth for potential industrial application.
METHODS
Synthesis of Graphene on Cu by CVD method

An oxygen-assisted low pressure (LP-) CVD process was used to grow graphene on Cu foils.'* A
piece of commercially available Cu foil (25-pm-thick, #46365, Alfa Aesar China Chemical Co.,
Ltd.) was loaded into a quartz chamber and the temperature was increased to and maintained at
1060 °C for 140 min in an atmosphere of H,. Then oxygen gas with a flow rate of 1 standard-
state cubic centimeter per minute (sccm) was introduced for 10min to passivate the Cu active
sites for graphene nucleation.'"* For graphene growth, 0.3 sccm CHy and 200 sccm H, was

employed and the growth time was typically 60 min.

Graphene adlayer visualization on Cu
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As-grown graphene on Cu was placed into a UV/Ozone cleaner (Shanghai SunMonde Co., Ltd.)
equipped with a low-pressure Hg light (power output of 20 puW-m 2, majority light at a
wavelength of 254 nm, approximately 10% of light at a wavelength of 185 nm), whose inside
treating environment has an operating temperature of ~60 °C and humidity of ~16%, measured
by a hydro-thermometer placed inside the device. Typical UV treatment time ranges from 30 min
to 4 hours, depending on the layer number that needs to be visualized. After UV, the graphene

sample was then placed on a hot plate and heated at 300 °C in air for 5 s to several minutes.
Characterizations of graphene on Cu

The characterizations graphene adlayer visualization were carried out by scanning electron
microscopy (SEM, 3 kV, S-3400, Hitachi Co., Ltd.), micro-Raman spectroscopy (532 nm
wavelength excitation laser, LabRAM HR Evolution, Horiba Co., Ltd.), atomic force microscopy
(tapping-mode, Veeco 3100 SPM, Shenzhen Haoguang Technology Co., Ltd.), and optical
microscopy (yellow light by Shanghai 8XB-PC from Shanghai Optical Instrument Factory, and

blue light by Olympus BXFM-ILHS from Olympus Co., Ltd).
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FigureLegends

Figure 1. Visualization of graphene adlayers on Cu by OM after treated with UV light and
heating. (a) Schematic of the oxidation treatments. The graphene/Cu sample was treated by UV
light followed by heating in air. Pristine graphene is shown with slight color contrast for clarity.
(b) Optical image of graphene/Cu sample after the UV/heating oxidation treatments. Different
patterns appear and can be later confirmed as different graphene adlayers. (c) SEM image of the

graphene adlayers observed in same area as shown in (b).

Figure 2. OM and SEM images of graphene single crystals and their adlayers after different UV
treatment periods but the same heating time of 30 s. The upper OM image and lower SEM image
in each panel are observed from the same graphene grain, and the inset in each image is an
enlarged image of the boxed area for the center part of the graphene grain. (a—c) OM images of
graphene adlayers with UV treatments of 60 min, 120 min, and 150 min, respectively, all of
which are followed by heating in air at 300 °C for 30 s. (d-f) Corresponding images of the same

graphene adlayers in (a-c) when observed by SEM.

Figure 3. Influence of UV treatment and heating on the graphene adlayer visualization with
different layer numbers. (a—c) OM images of graphene adlayers treated by UV light with
different time of 60 min, 120 min, and 150 min, respectively. (d—f) OM images of the same
graphene grains shown in (a-c) but with an additional heating for 30 s. (g) The relation between

the visualized adlayer layer number and the time of UV treatment and heating.
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Figure 4. (a) AFM image of an oxidized graphene grain on Cu surface after the UV treatment
and heating. The corresponding height profile for the dotted line across the grain in the AFM
image is shown in the right. (b, c) OM images of an oxidized graphene grain on Cu surface when
observed with yellow and blue light, respectively. (d) OM image of a UV- and heating-treated
graphene grain after reduced by acetic acid for 10 min. (¢) OM image of the same graphene

sample in (d) but with a re-oxidation of heating for 30 s.

Figure 5. Raman spectra of graphene samples with different treatments. All the measurements
were conducted after transferring the treated samples onto SiO,/Si substrates. The transferring
process is conducted using a standard PMMA-assisted Cu-etching method, as described in the
method section. (a) Pristine graphene sample without any treatment. (b) Graphene sample only
treated with UV light for 180 min. (c) Graphene sample treated with UV light for 180 min
followed by heating for 30 s. (d) Graphene sample only treated with heating for 30 s. (e, f)

Schematic of the heating and UV treatments to graphene, respectively.

Figure 6. Schematic of the mechanism for the layer-by-layer visualization of graphene adlayers
using UV treatment and ambient-condition heating. (i) Pristine CVD-derived graphene on Cu. (ii)
UV-generated OCP) is adsorbed onto graphene and the uncovered Cu surface is oxidized. (iii)
Vacancies appear in graphene and CuxO thin film with varying thickness is formed beneath
different graphene stacks with prolonged UV exposure. (iv) Additional ambient-condition

heating treatment leads to more defects in graphene for thicker Cu,O film with sharp contrast.
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