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Raman spectroscopy is the tool of choice in the physicochemical investigation of carbon nanomaterials.
However, Raman analysis of graphene oxide (GO) is lagging in comparison to the rich information
gained in the case of carbon nanotubes and graphene. Here, we carried out a joint current sensing
atomic force microscopy (CSAFM) and Raman spectroscopy investigation of laser-reduced GO. Reduced
graphene oxide (rGO) was obtained under different laser powers in the range from 0.1 to 10 mW
(532 nm). We compare the Raman spectra and the electrical conductivity at the nanoscale obtained by
current sensing atomic force microscopy. Our analysis shows that three bands in the second-order
region (2D, D + G, 2G), in the range from 2500 to 3200 cm™, are uniquely sensitive to the degree of
reduction. Moreover, we found that the changes in peak area ratios Ap,c/Ap and Axg/Ap show a direct
correlation with the electrical resistance of rGO. We establish an optical micro-spectroscopy way
to assess the degree of reduction in laser-reduced GO. These new insights provide a convenient and
useful way to investigate the reduction of rGO from the fitting analysis of Raman spectra, becoming a
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Introduction

Graphene, a two-dimensional (2D) sheet of sp>hybridized
carbon," has fuelled the interest of the scientific community
especially considering that it has been intensively investigated
since 2004.> This interest is mainly due to graphene’s unique
and useful properties: mechanical and chemical stability, high
electron mobility, and optical transparency.’ > These properties
have made possible the development of several graphene-based
devices with ultra-high performance such as transistors and
sensors.®” In this sense, graphene oxide (GO), the oxidized form
of graphene, has also attracted the interest of the community
working on these novel 2D materials. This interest in GO is because
this material has several advantages over graphene such as easy
and inexpensive production and water solubility which favors
solution-processing fabrication methods. One of the most signifi-
cant benefits that rGO has over graphene is the possibility to easily
control the electrical conductivity, hydrophilicity, and degree of
transparency by tuning its level of oxidation.® Several methods
can be used to tune the level of oxidation, such as chemical
reagent reduction, thermal annealing, laser annealing, etc.’
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useful tool in fundamental research and the development of rGO-based microdevices.

Chemical reduction, using different chemical reagents such
as hydrazine, sodium borohydride, or vitamin C, is an easily
available way to obtain reduced graphene oxide (rGO). This
method can produce large quantities of rGO, but it may involve
other functional groups from reducing agents like nitrogen
groups.”™" Upon thermal annealing, GO decomposes into
graphene-like rGO, CO and CO, gases originating from the
oxygen-containing groups between the GO sheets. Meanwhile,
thermal annealing removes carbon atoms from the GO layer
since it creates CO and CO, gases, which split the graphene
sheets into smaller pieces giving way to additional distortion of
the sp carbon plane. Hence, this method is good in producing
small sized but wrinkled graphene sheets due to the gas
production during reduction.”**'* The transformation of GO
to rGO by laser annealing is an efficient, easy-to-make, and
environmentally friendly method to obtain a graphene-like
material on arbitrary substrates, and even on temperature
sensitive polymers.’*'> The lower environmental impact of
laser reduction is thanks to the lower energy necessary for laser
operation in contrast to the thermal annealing in an oven that
has a considerably larger energy consumption. Furthermore,
laser annealing can produce GO with arbitrary geometries
(patterning) to fabricate, for example, microelectronic circuits.'®
In this regard, laser annealing appears to be a popular and
versatile way to achieve rGO. By controlling the laser irradiation
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parameters, like power and exposure time, we can obtain rGO
with different degrees of reduction. Moreover, the irradiation
wavelength used in the laser-reduction of GO can be used to
highlight thermal and photochemical contributions.'” Therefore,
finding a convenient way to analyze the degree of reduction of
rGO is of wide interest to many scientific groups, providing critical
information for device applications such as electrical conductivity.

Raman spectroscopy is the tool of choice in the analysis
of carbon nanomaterials."®'® A large number of studies are
continuously being reported focusing on the application of
Raman spectroscopy to analyze graphene and its derivatives.>
Moreover, in recent work reported by Claramunt et al. they investi-
gated how to use Raman spectroscopy to analyze the degree of
reduction of GO based on two additional bands D* and D" between
1100 and 1800 cm ™~ ".*! They focused on the D* band (between 1150
and 1200 cm™ ') assigned to a disordered graphitic lattice provided
by sp’-sp® bonds at the edges of carbon networks.”* They also
reported the D” band (between 1500 and 1550 cm ™) related to the
phonon density of states in finite-size crystals of graphite®® or an
amorphous lattice.>* The critical point in Claramunt’s work is that
the authors concluded that the D* and D” positions could be
correlated with the oxygen content of rGO obtained by thermal
annealing. However, when we reproduced their analysis on laser-
reduced rGO samples, we found that their method gave very high
uncertainties for the peak positions due to a high convolution upon
fitting the peaks between the D and G bands. Therefore, we aimed at
finding an alternative way to correlate the degree of reduction of rtGO
with the Raman spectra. This investigation was largely driven by our
practical need to assess how much GO is actually reduced. Motivated
by this, we performed a systematic study on laser-reduced rGO by
Raman and conductive AFM. GO was reduced using a laser with
different powers (from 0.1 mW to 10 mW) which resulted in rGO
with different levels of reduction. The direct correlation between the
resistance and the parameters of a particular set of Raman bands is
discussed here showing that Raman spectroscopy can be used for
the electrical conductivity evaluation of laser-reduced GO.

Experimental
Materials

Graphene oxide water dispersion (4 mg ml™*, water) was commer-
cially available from “Graphenea”, Spain. The single-layer character
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of GO was verified for highly diluted solutions deposited on glass
and analyzed by atomic force microscopy showing GO flakes
with a lateral size of several micrometers and ca. 1 nm single-
layer thickness. The original GO concentration 4 mg ml " was
diluted 20 times in ultra-pure water. This GO dispersion was
used to obtain a 103 nm thick GO film as described below.

Sample preparation

The substrate used as a support for the GO films consists of an
Au-coated 10 x 13 mm glass prepared by thermal evaporation
of an Au film 100 nm in an ultra-high vacuum. We chose this
Au-coated substrate to obtain the electrical conductivity of the
rGO structures in parallel to Raman spectroscopy analysis.
Before depositing GO, the substrate was cleaned by rinsing
with acetone, ethanol, and ultra-pure water, respectively. After
drying, 0.2 ml diluted GO was deposited on the substrate and
allowed to dry under room conditions. The deposited GO on Au
resulted in a uniform film (ca. 103 nm thick) which was
reduced by using a tightly-focused laser beam from the Raman
equipment (532 nm, 50x objective and lens with N.A. 0.5).
Different laser powers of 0.1 mW, 0.5 mW, 1 mW, 2 mW, 4 mW,
6 mW, 8 mW, and 10 mW were measured using an internal
power meter providing an estimation of the laser power on the
surface of the sample. These illumination conditions resulted
in reduced GO spots with a diameter of 1.3 um obtained
under laser power densities (on the surface of the sample)
of 0.75 x 10%, 3.77 x 108, 7.53 x 10%, 1.51 x 10°, 3.01 x 10°,
4.52 x 10°, 6.03 x 10°, 7.53 x 10° W m~ 2. The irradiation time
for all powers was 0.2 s. The reduced patterns resulted in circular
spots with a diameter of about 1.3 um as shown in Fig. 1.

Raman experiments

At room temperature, rGO spot-patterned samples were obtained
and analyzed in situ using a DXR2xi Raman Imaging Microscope
(Thermo Fisher Scientific USA). Raman experiments were performed
under laser excitation at 532 nm wavelength (100X objective
and lens N.A. 0.9). To minimize the modifications of the rGO
films, we chose a laser power of 0.1 mW for all Raman
spectroscopy experiments reported here (0.1 mW was the low-
est laser power allowed by the instrument). These irradiation
conditions resulted in a laser beam spot with 0.72 pm diameter
and a power density of 2.46 x 10° W m~2 on the sample surface.

- X 4 ". N = * ¥ '
1 mwW 2 mW

5 3 ¥ Y
8 mW 10 mW

Fig. 1 Optical micrographs of the rGO laser-irradiated 3 x 3 arrays obtained under different laser powers.
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It is worth noting in time-dependent studies (data are shown in
Fig. S1, ESIt) that after GO was reduced, this minimum laser
power of 0.1 mW did not induce any additional changes. For
each rGO area obtained at different laser powers, the Raman
laser was focused at the center of the rGO spot with a 100x
objective. Each rGO spot was then measured with an exposure
time of 1 s and 10 repetitions to obtain statically-averaged
spectra. A Voigt function was used to fit the peaks in the range
from 1000 to 1800 cm ' while a Lorentzian function was
used to fit the peaks in the second-order range from 2500 to
3300 cm ™. The bands in the range from 1000 to 1800 cm ™"
were fitted by 6 peaks which were assigned to D*, D, D", G, D/,
and M. The bands in the range from 2500 to 3200 cm™ " were
fitted by 3 peaks which were assigned to 2D, D + G, and 2G.
The fitting parameters of all peaks like FWHMs, areas, and
positions were collected and analyzed.

Current-sensing atomic force microscopy (CSAFM) experiments

The current images and I~V curves for different rGO samples
were obtained using an NTEGRA scanning probe microscope
(NTMDT, Russia). The scanning speed was about 15 um s~ .
The bias voltage used for the acquisition of current images was
0.5 V. After acquiring a current image, several I-V curves were
recorded and averaged over each region of interest for different
laser irradiated rGO spots. The I-V curves of rGO were used to
calculate the averaged resistance for each spot. The CSAFM
investigation showed a uniform current distribution in the laser-
irradiated spots. This relative uniformity is evidenced in the
histogram of the current values shown in Fig. S3b (ESI); the
histogram obtained from the current image shows a sharp peak
at 0 nA originating from the non-conductive GO, and a broader
peak around 24 nA originating from the rGO conductivity.

Results and discussion
Optical microscopy images

The optical microscopy images of our samples are shown in
Fig. 1. The laser-induced rGO patterns in our work are 3 x 3
spot arrays shown in Fig. 1. Except for the black points that are
mostly from rGO, the rest of the sample is GO as confirmed
by the Raman hyperspectral imaging of the sample shown in
Fig. S1 (ESIt). The different color contrasts in yellow and blue
are due to optical interference due to changes in thickness. In
Fig. 1, we can see the color of the points becoming darker as the
laser power increases. This observation is in agreement with
previous reports.>>?® In those articles, the authors also showed
that with further reduction the rGO became darker. Here, when
the laser power increases to 2 mW, we see the lines between the
points becoming more visible. These lines occur because when
the laser power increases to 2 mW, it is large enough that the
GO sample gets reduced as the laser spot moves from one point
to another under constant illumination. This result illustrates
the high sensitivity of GO to laser irradiation, emphasizing that
during the Raman analysis, GO can be further reduced. Taking
this into account, we notice that previous reports on the Raman
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analysis of GO using high laser power densities could have
induced the unintentional modification of GO by the Raman
laser itself.””

CSAFM analysis

CSAFM was performed to obtain the resistance of the rGO
regions from I-V curves. This method is particularly beneficial
in our case since otherwise, it would have been extremely
challenging to contact the sample to evaluate its conductivity
electrically. Spectroscopic methods such as X-ray photoelectron
spectroscopy (XPS), X-ray diffraction, and thermogravimetric
analysis are used to evaluate the C/O ratio degree. However, the
laser-reduced graphene oxide spots in our work have spatial
dimensions in the range of 3 um, which are beyond the spatial
resolutions of XPS or other methods, except for CSAFM. This is
the reason why we exploited CSAFM as a measure of reduction
reflected by the local conductivity of the sample at the nano-
scale. Fig. 2b shows the CSAFM I-V curves of GO and rGO
reduced using a laser with a power of 8 mW. In Fig. 2b we can
see that rGO is conductive while GO is not. Note also the
decrease in the slope of the current which is not due to the
properties of rGO, but is observed when reaching the nonlinear
response range of the nanoamperometer. A hysteresis of about
0.6 mV in the I-V curves is a negligible value that is not much
higher than the instrumental error (+0.25 mV). This hysteresis
could also be affected by the nonlinear response of the
nanoamperometer, and therefore we do not discuss it further
here. According to the I-V curves, we calculated the resistance
values of rGO areas obtained under different laser powers. In
Fig. 2c, we see that the rGO resistance decreases with increasing
laser power. We should notice that even the lowest laser power
of 0.1 mW is large enough to reduce GO as can be seen from the
Raman map in the ESL{ Fig. S1. Moreover, the power dissi-
pated in the films during local resistivity measurements due to
current flow was estimated to be in the order of nano-Watts
using the equation P=1 x V, where we considered I = 20 nA and
V= 0.5 V. This Joule heating is negligible compared to the laser
power in the order of milli-Watts used for GO reduction.
Additional reduction during the Raman experiment was also
ruled out. This is possible by observing that once GO was
reduced, the 0.1 mW laser power did not induce further
changes in the rGO regions. This is evidenced from the optical
image of the laser-reduced pattern that retains its color after a
Raman map was performed at 0.1 mW (Fig. Sib, ESIf). This
optical contrast is contrary to the changes in the GO film that
becomes darkened due to the laser reduction during Raman
imaging at 0.1 mW. As we mentioned before, the resistance of
rGO is related to the degree of reduction, with higher reduction,
the electrical resistance of rGO decreases. We find it more
convenient to use a logjc-scale instead of a linear scale to
represent more clearly this power dependency. The linear-
scale plot of resistance vs. laser power is shown in the ESL,+
Fig. S2. The resistance of rGO appears to be relatively large due
to the small area of the CSAFM tip (a circular contact in the
order of 50 nm radius). We can make a rough estimate for the
electrical conductivity of the rGO pattern by considering it as a
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Fig. 2 (a) Schematic (non-scaled) representation of the CSAFM experiment. (b) CSAFM /-V curves of rGO reduced with 8 mW power. (c) The resistance

of rGOs vs. laser power. (d) CSAFM current image obtained under a tip-sample bias of 500 mV on a rGO spot reduced with a laser power of 8 mW.

cylindrical conductor of 50 nm radius given by the tip size. The
height of the cylinder corresponds to the GO thickness of about
103 nm (we do not consider the decrease in the film thickness
after reduction which could result in an overestimation of
conductivity). These dimensions, summarized in the inset of
Fig. S3b (ESIT), result in an estimation of the rGO conductivity
of 433 S m ™. This conductivity value is in close agreement with
the conductivity of graphite 330 S m™~" determined perpendi-
cular to the basal plane.”® We must recognize that our con-
ductivity estimation for rGO is based on considering a uniform
conductive medium thus neglecting any anisotropy in the film.
This is not justified given the high anisotropy of rGO. However,
the correct way to calculate the conductivity implies writing it
as a rank-2 tensor to take into account the anisotropy which
requires a much deeper and detailed analysis of the internal
structure of rGO films which is beyond the scope of this work.
Keeping these points in mind, we focus herein on the resis-
tance directly determined from the IV curves. We observe that
at the beginning of annealing, the rGO resistance decreases
rapidly. The reason is that large amounts of hydroxyl groups
are removed by laser annealing at low laser power and as a
result, the sp” carbon content ratio in the GO sheet drastically
increases. This interpretation is based on previous molecular
dynamics results showing that hydroxyl groups are the ones
that require the least energy for removal in the thermal
reduction of GO, also leaving the sp” lattice intact.>* Additionally,
the distance between rGO sheets becomes shorter lowering the

Phys. Chem. Chem. Phys.

barrier for electron transport which contributes to the decrease
in the resistance.””

We observed the lowest resistance of about 10 kQ for the
sample obtained under 10 mW laser power irradiation. Fig. 2d
shows a CSAFM current image for rGO reduced by a power of
8 mW using 0.5 V bias voltage where we can clearly distinguish
the GO and rGO regions. The green region in Fig. 2d corre-
sponds to GO since there is no current in this region. The width
of the reduced region is 1.3 pm or less. We could control the
laser irradiation parameters such as the objective numerical
aperture or the laser wavelength to decrease the rGO spot size.
What is more technologically interesting, and also as reported
in previous works,"®*° is the possibility to easily control the
shape of the reduced region by controlling the laser location to
obtain arbitrary patterns. It is also worth noting that there are
no apparent topographical changes in the microstructure of the
laser-illuminated spot as reflected in the AFM image in Fig. S3
(ESIY), the calculated RMS roughness is ca. 9 nm. The thickness
of the GO film is about 103 nm which also corresponds to the
depth of the laser reduction; otherwise, we would not get any
current flow through the rGO films. More details are shown in
Fig. S4 (ESIY).

Raman spectra

We obtained the Raman spectra for the same laser-irradiated
rGO samples discussed above in the electrical investigation. The
spectra were obtained with a high magnification 100x objective
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that allowed us to focus the laser spot on the laser-reduced
regions as shown in Fig. S1b (ESIt). The Raman spectroscopy
results are shown in Fig. 3a. The spectra display the carbon D
and G bands centered at ~1350 and ~1580 cm ™', respectively.
The G band (~1583 cm™ ') is related to the first-order E,, optical
mode of graphite and the in-plane stretching of the C=C
bonds.>"** The D band (~1350 cm™') is assigned to an A,
breathing mode at the Brillouin zone boundary K. Its intensity
is associated with the number of defects in the graphene plane.*®
The D’ band (~1620 cm™ ") corresponds to the intravalley double-
resonance process that becomes Raman active in the presence of
defects.** The effects of reduction in the Raman spectra were
already observed in one of the pioneer works on the applications
of laser-reduced GO.*° In particular, Zhang et al. reported the
decrease in D and G peak widths and the increase of the D/G
intensity ratio for the femtosecond laser reduction of GO.

The second-order bands are observed in the range from 2500
to 3200 cm ™. The 2D band centered at 2700 cm ™" (also called
the G’ band), is the overtone of the D band activated by a
double-resonance process similar to the D band, but requiring
scattering of two phonons with opposite wave vectors to ensure
momentum conservation and its activation.>*> It is called the
2D band because it involves two of the same phonons respon-
sible for the D band. But in contrast to the D band, the 2D does
not require the presence of defects to fulfill the momentum
conservation law, and thus it is always visible in the second-
order Raman spectra of graphene (or any other sp> carbon).*®
The 2G (~3170 cm™ ') band is attributed to the overtone of the
G band, and the D + G band (~2940 cm ™) is the combined
overtone of the D and G band.**** In some reports, the D + G
band was also assigned to the D + D', and the 2G band was
assigned to the 2D’ or also to the G + D'.*”*® But according to
Malard’s et al. report, the D + G (~2940 cm™ ') with D + D
(~2970 em™") band and 2G (~3170 cm™') with 2D’ or G + D’
(~3205 cm™ ') band were assigned totally differently.* In their
report, the ~2970 cm™ ' mode was attributed to the combination
of D and D’ bands (D + D), while the 3205 cm™" was assigned to
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the combination of G and D’ bands (G + D’). It is important to
keep in mind these contradictions in the analysis of the second-
order modes.

Fig. 3b shows an example of numerical fitting for the Raman
spectrum of the rGO laser-annealed at 0.1 mW. The rest of the
fitted spectra are shown in the ESIt (Fig. S5). In Fig. 3b, we
found that the spectra could be fitted with 6 + 3 = 9 peaks
for the first and second order regions. In addition to the well-
known D and G bands, there are several other peaks labeled D*,
D", and D’ in the range from 1000 to 1800 cm ' which have
been reported in recent works.>'”” In those works, it was
observed that as the oxygen content of rGO increased the band
position of D* decreased while the position of D” went up. Our
observations agree with their work in using those peaks to fit
the spectra properly but unfortunately, or rather interestingly,
we did not find the same correlation regarding the change in
the peak position and the degree of reduction. Partly, this is
because the D* and D” are broad bands located close to the
D and G peaks. Moreover, despite recent calculations that
assigned the D” peak to the presence of oxygen,*® the peak
positions can only be fitted with high uncertainty resulting in
the low precision of the fitting method. The issues with the
D* and D” fitting could be a consequence of the different
reduction processes used in our work and that used in the
previous Raman spectroscopy report.>' We also detected the M peak
of graphite centered at 1730 cm™' which was not considered in
previous works most likely due to its low intensity. This peak is
attributed to an intravalley resonant scattering process originating
from the combination mode of the out-of-plane layer-breathing
mode and the in-plane longitudinal optical mode.***> However, in
our work, the M band was too weak to take its fitting parameters
into account. Moreover, here, we are more interested in the second-
order and combination of 2D, D + G, 2G modes in the range from
2500 to 3200 cm ™', We performed a fit analysis of these peaks with
Lorentzian functions. The 2G (~3170 cm™ ") band was attributed to
the overtone of the G band, and the D + G band (~2940 cm %) is the
combined overtone of the D and G band.?*?* Since the D, 2D, D + G,
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Fig. 3 (a) Raman spectra of rGOs reduced by laser annealing with different powers (ranging from 0.1 mW to 10 mW). (b) An example of the Raman

spectrum fitting for rGO reduced by laser with a power of 0.1 mW.
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and 2G bands can be fitted without significant overlap with other
bands, we expected that the spectral parameters of these bands
are more reliable to correlate with the changes in laser-reduced
graphene oxide. As an example, consider the Ap,g/Ap area ratio and
the electrical resistance of rGO as a function of laser power as shown
in Fig. 4 in which a clear correlation between spectral and electrical
parameters is observed. This correlation was not reported before.

The parabolic function used to fit the area ratio 4, as a
function of laser power Ly, shown in Fig. 4a (and Fig. 5a below)
is A; = 0.4 — 0.04L,, + 1.8 x 10 °Ly,”. The correlation between
area ratio and laser power and the rGO resistance vs. area ratio
are plotted in Fig. 5. In Fig. 5a and b, we see that all the area
ratios Ap.g/Ap, A,g/Ap, and A,g/Ap,g decrease as the laser-
reduction power increases, and also the degree of reduction
increases. These area ratio parameters show the same depen-
dence as the electrical resistance on the laser power used for
reduction.
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The D band depends on the defects around sp” carbon
atoms in graphitic materials. By increasing the defect concen-
tration, the D peak intensity increases, but it does not increase
indefinitely. As the defect density increases the D band inten-
sity reaches a maximum as shown in Fig. S6 (ESIt). By further
increasing the defect density, the D band intensity starts to
decrease because the graphene sheet becomes dominated
by the structurally-disordered areas as previously reported by
M. M. Lucchese et al**** In their work, they used Ar" ion
bombardment to increase the defect density in graphene obtaining
spectra that match closely the spectra of GO and rGO. Similarly, in
GO a large number of defects is caused by oxygen-containing
groups. Moreover, in our case, the laser annealing can induce
some new defects in GO during the desorption of epoxy groups
by forming CO, and CO gases.’ The D bandwidth was proposed
as a good indicator of the degree of reduction.”” We found a
linear change in the D bandwidth with the laser power at a rate
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(a) Area ratio of Ap.c/Ap. Axc/Ap and A>c/Ap+c change with laser power. The curves were fitted using a second-order function. (b) Area ratio of
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of (4.1 £ 0.2) cm™ ' mW " within the range of 140 to 180 cm ™",
see Fig. S7a (ESIt). According to previous observations,”’ the
range of D width change we observe in our work should
correspond to a non-monotonic dependence with annealing
temperature representing an sp” content below 70%. Therefore,
the D bandwidth is not that useful in our case since it does not
correlate with the nonlinear changes in the electrical proper-
ties, but it shows a linear behavior with laser annealing in
contrast to ref. 27. This discrepancy could reflect the differ-
ences between the thermal and laser reduction of GO.

For the bands 2D, D + G, and 2G in the range from 2500 to
3200 cm ™', we observe an intensity lowering trend as the laser
power increases, see Fig. 3a. The 2D band originates from a
double-resonance effect involving a two-phonon scattering
process. Therefore, with an increase in the number of defects
in graphene, one of the two inelastic phonon scattering pro-
cesses of 2D is affected resulting in a decrease in that mode.
As we discussed before, the laser annealing of GO may induce
some new defects, and this can be viewed as a conversion of the
2D to D band.** Similarly, the other overtone bands D + G and
2G decreased with increasing laser power. The 2D, D + G,
and 2G are highly structure-sensitive. It was reported by
Karthikeyan Krishnamoorthy et al. that the changes in overtone
bands (2D, D + G, and 2G bands) illustrate the disruption of the
graphitic AB stacking order in GO with increasing oxidation
level.*® Especially for D + G which was caused by lattice
disorder.””> Hence, in the process of removing epoxy groups,
the laser annealing also induces defects. Those defects make
the D peak width larger and at the same time decrease the
intensity of higher order modes. As a consequence, the area
ratios Ap.g/Ap, A2c/Ap and A,c/Ap. decrease when the annealing
laser power increases and is the same as the decrease of
resistance of rGO. It is also worth noting that although for
laser-induced rGO our analysis using the second-order modes
is reported now for the first time, and Vollebregt and collabora-
tors demonstrated the use of the second-order modes in the
Raman spectra of carbon fibers and nanotubes as a measure of
sample quality.>* Also, Trusovas and collaborators showed a
decrease in the 2D peak width with the increase in the laser
power.*® Our work emphasizes the usefulness of minding these
second-order modes in the analysis of laser-induced rGO that
until now were mostly neglected.

Discussion of the Raman and electrical characterization results

Upon increasing the laser power, the electrical resistance
drastically drops due to the relatively gentle removal of hydroxyl
groups. The hydroxyls can be easily removed without signifi-
cantly inducing defects as shown in a previous report.”® At
higher laser power, the decrease in the resistance reaches a
plateau in the linear scale plot; this can be seen in Fig. S2
(ESIf). The reason for this plateau is that the further reduction
of GO continues now by the removal of the remaining oxygen-
containing groups such as carboxyl and epoxy. These latter
groups require more energy resulting in CO and CO, gas release
and the creation of new structural defects in rGO.*® The
decrease in the second-order mode areas further points to
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partial carbon amorphization.’> Although the D/G ratio
decreases, as an indication of a larger degree of reduction
(more sp> carbon), the increase of the D peak width and the
decrease of intensity ratios shown in Fig. S7 (ESIT) can also be
understood as due to the formation of sp” clusters surrounded
by an amorphous phase. Moreover, this amorphous phase acts
as charge traps. This hypothesis was supported by Kelvin probe
force microscopy investigations of a crystalline graphite sample
that had localized defects made by a focused ion beam (these
results are being published elsewhere). This scenario explains
why the D/G ratio decreases even though the structural defects
increase at high laser power since charged impurity defects do
not activate the D band.*”*® Therefore we have two possible but
not mutually exclusive effects with opposite contributions to
the Raman spectra and the electrical conductivity of laser-
reduced GO. On one side we have the reduction, the conversion
of sp® carbon to sp?; on the other hand, we have the structural
defects induced by the gas release at high laser power. The
electrical conductivity is affected the most because the defects
at high laser power decrease the mobility of electrons made
available after reduction. This can be understood since the
electrical conductivity is directly proportional to the charge
carrier density, charge carrier mobility, and the electric field.
The electric field is constant and externally controlled by the
bias potential on the sample. Therefore, if the rate of conduc-
tivity vs. laser power changes, it implies the charge carrier
density and/or mobility change. We expect the charge carrier
to increase due to the formation of more sp carbon as the laser
power increases. But at the same time, the structural defects
decrease the charge carrier mobility. The mobility reduction
may also be linked to the charge traps which do not activate the
D band but decrease the intensity of the second-order modes
(like the 2D band).*” The fact that we still see a continuous
decrease in the resistivity as the laser power increases indicates
that the generation of free charge carriers compensates the
carrier mobility reduction. Note from Fig. S7b (ESIt) that the
D/G intensity ratio decreases as the laser power increases
which could imply, as mentioned above, that we are in a highly
defective regime as exemplified by Fig. S6 (ESIT). Ideally, we
should be able to distinguish between these two mechanisms
that affect the D/G intensity ratio: (1) generation of charged
impurities that do not activate the D band, or (2) the presence
and further generation of highly defective sp® carbon. This
latter interpretation is in agreement with the plasma-induced
oxidation of graphene, particularly in the highly-defective
regime, in the transition from stage 1 to stage 2.*° However,
it was only reported that the area changes for the 2D but not for
the other higher order modes reported in this work. Note that
the complementary spectroscopic methods such as IR absorp-
tion cannot be easily applied to this kind of sample due to
the small spatial dimensions. Therefore, additional nanoscale
studies involving complementary Kelvin probe force microscopy
imaging, confocal Raman spectroscopy, and tip-enhanced
Raman spectroscopy (TERS)>° of laser-reduced graphene oxide
are underway to answer this and other open questions that still
elude us.
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Conclusions

We investigated graphene oxide films reduced by laser annealing
with different laser powers. We aimed to identify a link between
the degree of reduction reflected by the electrical conductivity and
the peak characteristics in the Raman spectra. We obtained the
rGO conductivity from I-V curves at the nanoscale using conduc-
tive atomic force microscopy (CSAFM) of exactly the same samples
analyzed by Raman spectroscopy. CSAFM results allowed us to
correlate the resistance of rGO with the degree of reduction. The
current image of rGO revealed the size of the reduced regions
which is in the order of the laser spot size ca. 1.3 pm. In agreement
with the expectations from thermal annealing reduction reported
at the macroscale,®* we found that the resistance of rGO decreased
as the laser power increased due to the thermal energy provided by
the electromagnetic field. However, previous analysis based on
rGO obtained by thermal reduction did not apply to the laser-
reduced GO. This discrepancy could be due to the photochemical
contribution to GO reduction that is absent in thermally annealed
samples. The dependence of electrical resistance on laser power is
highly non-linear and changes drastically for a laser power in the
range 0.1-4 mW, and then slows down for a laser power larger
than 4 mW. We attribute this result to the degree of reduction that
reaches a saturation point after a significant amount of hydrogen
and oxygen-containing groups (hydroxyls) are eliminated. The
Raman spectra of rGO were deconvoluted and fitted by several
peaks including D*, D, D”, G, D/, M, 2D, D + G, 2G bands. Among
all these Raman modes, we found that only the D, 2D, D + G, and
2G bands could be reliably fitted. We exploited this robust fitting
analysis to establish a correlation with the laser power and
electrical conductivity. This correlation that was not reported
before is given by the area ratios between the first and second
order regions Ap.g/Ap, A>6/Ap, and A,g/Ap.g, the lower these
ratios, the higher the degree of reduction. We attribute the
correlation of the 2D, D + G, and 2G bands to the high sensitivity
of these modes to the electronic structure perturbations of sp>
carbons, especially the D + G band which is caused by lattice
disorder. The findings in our investigation provide a new and
alternative Raman spectroscopy analysis method for laser-reduced
graphene oxide that allows linking the degree of reduction and
the electrical conductivity. By performing a simple optical
spectroscopy measurement, we can now evaluate the electrical
conductivity of a set of rGO samples even without the need of
making electrical contacts. These results are of significance to
the community working on graphene-oxide materials allowing
conductivity and structural studies of rGO-based microdevices
with a high spatial resolution (~um).
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