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ABSTRACT: We use X-ray photoelectron spectroscopy (XPS) for characterization of voltage drop variations of large area
single-layer graphene on quartz substrates, by application of a voltage bias across two gold electrodes deposited on top. By
monitoring the spatial variation of the kinetic energies of emitted Cls photoelectrons, we extract voltage variations in the
graphene layer in a chemically specific format. The potential drop is uniform across the entire layer in the pristine sample but is
not uniform in the oxidized one, due to cracks and/or morphological defects created during the oxidation process. This new way
of data gathering reintroduces XPS as a major analytical tool for extracting electrical as well as chemical information about surface

and/or nanostructured materials.

ynthesis of free-standing two-dimensional crystals' pro-
vides new opportunities to study fundamental science in
reduced dimensions” as well as to develop new technologies.”
Particularly, graphene is at the center because of its unique
electronic and mechanical properties. Extremely high charge
mobility* and optical transparency® together with the ability to
be synthesized over large areas® makes graphene a promising
material as a high performance semiconductor and a trans-
parent conducting film. These applications require electrical
characterization of graphene at different length scales. Besides
electrical characterization, chemical characterization is essential
to monitor and control dopants/defects in graphene.
Characterization tools that provide simultaneous electrical
and chemical analysis are desirable to understand the ultimate
limits as well as performance of graphene-based devices.
Photon-based spectroscopic techniques, like UV—vis, Raman,
and IR, have already been heavily utilized for chemical
characterization of graphene-based materials. In particular,
Raman spectroscopy has been very successful in identifyin§
number of layers, crystal structure, defects, and doping levels.”
Moreover, since Raman scattering in graphene involves a
double-resonance process, energy, full-width at half-maxima,
and intensity of G-band and 2D-band provide indirect
information about the local doping levels.” Correlation of
Raman parameters provides information about some of the
electrical and chemical properties of graphene.'’ Infrared
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spectroscopy has also been used to probe electrical and optical
properties of graphene.''™'* Recently, Basov et al.'*'®
combined infrared spectroscopy and scanning probe micros-
copy to reveal the effects of substrates on the local electrical
properties of graphene. Scanning probe microscopy techniques,
such as Kelvin probe microscopy, = scanning photocurrent
microscopy,'” and electrostatic force microscopy'® have been
implemented to understand local electrical and chemical
properties of graphene.

Electron-based surface characterization methods are well-
established analytical tools to analyze chemical and physical
parameters of materials. Many of these methods have also been
utilized to probe properties of graphene. Auger electron
spectroscopy'~ of graphene provides useful information about
the number of layers and defect density. Wang et al. used
energy loss spectroscopy to monitor bonding of lithium in
intercalated graphite.”® Chemical analysis of graphene and
graphene oxide films, after heat and chemical treatments, have
been performed by X-ray photoelectron spectroscopy (XPS).**
For example, the binding energy of Cls can provide insight
about the interaction between graphene and the underlying
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Figure 1. (a) Schematic representation of the experimental setup used for X-ray photoelectron spectroscopy on graphene. A microfocused X-ray
beam with a 30 um spot size is scanned along the graphene layer between two gold electrodes. The distance between the electrodes is 1.5 mm. The
beam is scanned at 100 ym steps. (b) XPS spectra of slightly oxidized and pristine graphene on quartz substrates. (c—e) Areal maps for each
element; Au4f (electrode), Cls (graphene), and Ols (mainly of the quartz substrate) peaks.

substrate.”” XPS has also been utilized for probing numerous
chemical as well as electrical properties.”>™>° In-situ electrical
measurements during imaging with transmission electron
microscopy provides correlation of atomic structure and
electrical conductivity of gl‘elphene.36_38

One important aspect of the electron-based techniques is
that they are also very susceptible to local electrical potentials
created, intentionally or not, in the materials analyzed. In most
cases, such potentials are due to charging, which has been an
obstacle, and should be eliminated.** However, introduction of
electrical potentials as a bias can also be an experimental asset
for harvesting additional electrical information in a chemically
specific format. For example, we have recently shown that XPS
data of devices under working conditions can be recorded. This,
so named, operando XPS, traces chemical and location-specific
surface potential variations across a working CdS based
photoresitor.40 By mapping Cd3d binding energy variations,
we were able to obtain photoconductivity, electric field
distribution, and identify some morphological defects. In a Si-
diode, measurements of the position of the Si2p peak enabled
us to separate and identify the p- and n-doped regions and/or
domains.*! In this letter, we extend our methodology to XPS
characterization of voltage drop variations of large area single-
layer graphene, in a chemically specific fashion.

B EXPERIMENTAL SECTION

We used a Thermo Fisher K-alpha electron spectrometer with a
monochromatic Al Ka X-ray source (hv = 1486.6 eV). We
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slightly modified the spectrometer to apply an external voltage
bias across the samples. The samples consist of large area (1 cm
X 1 cm) graphene that was transfer-printed on a quartz
substrate. To apply a bias voltage to the graphene layer, we
fabricated two gold electrodes with a thickness of 50 nm, using
standard UV-photolithography and metallization process. The
gap between the electrodes is around 1—4 mm. The graphene
samples, prior to contact transfer to the quartz substrate, were
synthesized on copper foils with chemical vapor deposition.**
The copper foils were placed in a quartz chamber and heated to
1000 °C under a flow of hydrogen and argon. We annealed the
foils at 1000 °C for 20 min before the growth. A mixture of
methane and hydrogen (7 sccm CH, and 7 sccm H,) was used
as the reaction gas. The chamber pressure was kept at 300
mTorr during the growth. Stopping the flow of methane
terminated the growth, and then, the chamber was cooled back
to room temperature. After the growth, the graphene layers
were transfer-printed to quartz substrates.*” This was
accomplished by spin coating the copper foils with a thin
layer of photoresist (PR, AZ5214). A flat elastomeric stamp
(polydimethylsiloxane, PDMS) was placed on the PR layer, and
the copper foil was etched away by 1.0 M ferric chloride
solution. After the etching process, the PR layer with graphene
remains on the PDMS stamp. The stamp was then applied on
quartz substrates and heated to 80 °C to release the PR. After
removing the stamp, the PR layer was removed by dissolving in
acetone. We used Raman spectroscopy to evaluate the quality
and uniformity of the graphene samples on quartz substrates.
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Figure 2. (a) Schematic representation of a graphene device under a voltage bias used for probing voltage drop on graphene using XPS. We ground
one of the electrodes and apply +6 V external voltage bias to the other electrode. (b and c) C1s and O1s region of the XPS spectrum of graphene on
SiO, substrate recorded at three different points between the electrodes. (d) False color contour plot of XPS line scan spectra for Au4f;,, Cls, and
Ols regions. (e) 3D areal map for Cls kinetic energy of graphene in the channel between the electrodes.

The line width of 2D peak and the intensity ratio of 2D to G
bands are 32 cm™' and 2.4, respectively. To oxidize the
graphene layers, we exposed the samples to mild oxygen plasma
(5 W RF power with 20 sccm flow of O,) in a reactive ion
etching system. After 2 s of oxidation, the resistance of the
device increased from 300 Q to 1.2 kQ2. We also measured the
Raman spectra of the oxidized graphene. After the oxidation,
the intensity of the 2D band decreased and that of the D band
increased. The intensity ratios of 2D/G and D/G were around
1.0 and 1.2, respectively. Raman spectra of the pristine and
oxidized graphene samples are given in the Supporting
Information.**

B RESULTS AND DISCUSSIONS

Conventional XPS analysis together with elemental maps
provide detailed bonding information for both pristine
graphene as well as its slightly oxidized form(s), as was done
for our samples shown in Figure 1, where both the oxidized

4174

Cls and the corresponding Ols peaks appear as well-separated
peaks. We go one step further and apply a voltage bias across
the graphene layer lying between the two gold electrodes,
during the acquisition of XPS data. By monitoring the spatial
variation of the measured kinetic energies of the emitted Cls
and Ols photoelectrons, we are able to map the voltage
variations in the graphene layer in a chemically specific fashion.
In addition to the value obtained from Einstein’s equation (K.E.
= hv — BE. + @), the measured kinetic energy of the emitted
photoelectrons is now affected by the local electrostatic
interactions, charge density, and external voltage bias. The
surface potentials can be obtained from the shifts in the
measured binding/kinetic energy at a precision of 0.05 eV or
better.

Figure 2a shows the schematic representation of the
experiential setup. A +6 V bias was applied between the gold
electrodes, and Au4f, Cls, and Ols peaks were recorded in the
snapshot mode, with an X-ray spot size of 30 and 100 um steps

dx.doi.org/10.1021/ac400489 | Anal. Chem. 2013, 85, 4172—-4177
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Figure 3. (a) Variation of measured kinetic energy of C1s and Ols as a function of the position between the gold electrodes. (b) Difference between
the measured kinetic energy of C1s and Ols. (c) Histogram of the distribution of the kinetic energy difference for the line scan. (d) False color map
of the areal scan of kinetic energy difference of C1s and Ols in the channel area between the electrodes. (e) Histogram of kinetic energy difference
for the areal map. The standard deviation of the histogram is 0.05 eV.

over an area of 4 X 4 mm, including the electrodes. The
resulting data set is immense and can be converted to areal
maps and line-scans for each element; Au4f (electrode), Cls
(graphene), and O1s (mainly of the quartz substrate) peaks are
shown in Figure 2b at three chosen points. As can be gathered
from the figure, their peak positions vary linearly with respect
to the voltage drop across the device. The surprising fact is that
the Ols of the substrate faithfully follows the Cls of the
graphene. In Figure 2d, Au4f, Cls, and Ols spectra along the
designated line-scan is displayed, all of which exhibit a smooth
resistive voltage drop across the electrodes, as is also confirmed
in Figure 2e by the false-color areal image of the Cls peak
positions.

The information content of the displayed data is very rich
and can be used to extract other properties. For example, the
measured 6.00 + 0.05 eV binding energy difference between
the Au4f peaks on the two electrodes matches exactly the
applied +6.00 V bias and reveals to us that no significant
contact resistances exist within our experimental setup. The
Cls peak also exhibits a 6.00 + 0.08 eV binding energy
difference. Moreover, the measured binding energy difference
of 200.75 + 0.08 eV between the Au4f,, (84.00) and Cls
(284.75) peaks at both electrodes signals the absence of any
measurable contact potentials between the gold electrodes and
our $raphene sample over as large a contact distance as 3—4
mm.”> As mentioned above, the Ols peak of the quartz
substrate follows the voltage variations without the need of
flood-gun neutralization. The presence of graphene provides
equipotential surfaces across the device which prevents
charging of the dielectric substrate. However, as shown in
Figure 3a and b, the binding energy difference between the Cls
and the Ols exhibits a fluctuation of 0.05 eV about the mean
value of 247.9 eV, which matches exactly the tabulated binding
energy difference.’” The areal map of the binding energy
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variation and its histogram are given in Figure 3d and e,
respectively. The gap between the graphene and substrate, local
multilayer flakes, and/or the local conductivity created by the
focused X-rays could cause the variations/fluctuations of the
binding energy difference between the Cls and the Ols. Even
though the exact mechanism is unclear at this point, as will be
shown below, such measurements can reveal information about
structural and/or morphological defects of the graphene layer.

In Figure 4, we display similar spectral features of the same
graphene sample after oxidation, where the voltage drop
variations are no longer smooth throughout the sample area,
due mainly to the cracks and/or morphological defects formed
during the latter process. Figure 4a shows a schematic
representation of a crack on the graphene layer. By monitoring
the voltage, we were able to locate such cracks on the graphene
layer and have measured the binding energy variation of the
Cls on the defective graphene layer under a voltage bias of 6 V.
Figure 4b and c shows the peak positions of the Cls for three
line scans at different positions relative to the crack. Initially the
binding energy varies linearly with the position; however, as we
move along the line scan on the crack, the linearity becomes
perturbed and binding energy becomes constant indicating no
local current is passing through the graphene. Furthermore,
after the oxidation, the overall variation between the binding
energies of Cls and Ols increased significantly. Figure 4e
shows the measured Cls of graphene and Ols of the substrate
(Si0O,) kinetic energy positions along the XPS line scan. The
difference between the measured kinetic energy positions of
Cls and Ols and its histogram are given in Figure 4f and g,
respectively. The standard deviation of the binding energy
difference is significantly increased to 0.2 eV due to the
presence of cracks/defects. Note that, characterization using
electrical means only would not have revealed this information
about the electrical properties. Electrical measurement could

dx.doi.org/10.1021/ac400489 | Anal. Chem. 2013, 85, 4172—-4177
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Figure 4. (a) Schematic representation of a graphene device containing a defected region (after oxidation) under a +6 V bias. (b—d) Line scans of
Cls region of the XPS spectra near a defected region on the graphene layer. (e) Measured Cls of graphene and Ols of the substrate (SiO,) kinetic
energy positions along the XPS line scan. (f) Difference between the measured kinetic energy of Cls and Ols. (g) Histogram of the distribution of
the kinetic energy difference for the line scan. The standard deviation of the histogram is 0.2 eV.

only provide total resistance of the device. As mentioned above,
after the oxidation process with mild oxygen plasma, the total

resistance of the devices increased from 300 Q to 1.2 kQ.

B CONCLUSIONS

In summary, we use X-ray photoelectron spectroscopy for
characterization of voltage drop variations of large area single-
layer graphene on quartz substrates, by imposing a voltage bias
across the two gold electrodes deposited on top. By monitoring
the spatial variation of the kinetic energies of emitted
photoelectrons, we extract voltage variations in graphene layers
in a chemically specific format, which is found to be uniform
across the entire layer in the pristine sample but is not uniform
in the oxidized one, due to cracks and/or morphological defects
created during the oxidation process. This method traces
chemical and location specific surface potential variations across
a working graphene device in a chemically addressed format.
Furthermore, owing to high conductivity of graphene and being
electron transparent, the graphene overlayer prevents charging

of dielectric substrates by yielding equipotential surfaces.
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Raman spectra of the pristine and oxidized graphene samples
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