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a b s t r a c t

Photoreduction of graphene oxide (GO) to reduced graphene oxide (rGO) under ambient conditions was
evaluated for three laser processing approaches: 800 nm fs pulses, 248 nm ns pulses, and 788 nm
continuous wave (CW) illumination. Resultant features were compared using Raman, XPS, optical pro-
filometry and SEM. The most effective approach for photoreduction and graphenization with minimal
defects was nanosecond processing (0.12 J cm�2; 40 pulses overlapped). The Raman 2D band intensity
confirmed a graphene-like structure. The ablation threshold for GO (248 nm, 5 ns) is ~10 mJ cm�2. Laser
photoreduction with CW 788 nm yielded similar oxygen removal, but conversion to a graphene-like
structure was poorer, and more defects were introduced. Femtosecond pulse illumination resulted in
oxygen removal from the surface but the transformation to an sp2 graphene-like structure was not
observed. This result suggests that the photochemical reduction of GO is not thermally mediated, but the
structural reorganization from sp3 to sp2 requires heat deposition into the material. This is the first such
comparison on a consistent GO substrate under comparable ambient conditions, and the results provide
insight into the fundamental mechanism and the utility of the method for direct laser writing elec-
tronically active materials.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The promise of graphene as a next-generationmaterial has been
fulfilled in myriad ways since its discovery in 2004 [1] and the
Nobel Prize awarded for this in 2010 [2]. In addition to its current
uses, growing by the day, graphene has also provided impetus for
research into the wider field of two-dimensional materials in a
“post-graphene age” [3].

Many of the applications of graphene arise from its unique
properties [4,5]. It has an extremely high carrier mobility, thermal
conductivity and Young's modulus. Electronic transport in gra-
phene is exceptionally fast; the electrons behave as massless Dirac
fermions and travel at close to the effective speed of light in the
impson).
lattice [6], providing condensed matter physicists an interesting
framework within which to test known theories and discover new
ones.

The industrial motivations to use graphene are strong, and
hence production methods must keep pace with graphene's
emerging applications and be tailored for its behaviour. Graphene
has been produced via the famous Scotch-tape method (mechani-
cal exfoliation of graphite) [1], epitaxial growth [7], shear-
exfoliation of graphite flakes in liquids [8], chemical vapour depo-
sition [9] and a suite of methods that attempt to transform gra-
phene oxide to graphene by reduction [5,10].

In the latter approaches, graphite is first oxidised to generate
graphite oxide, which is then dispersed via sonication into gra-
phene oxide (GO) monolayers in water to form a stable aqueous
colloid [11,12]. GO can be cast into films [13] and deposited on
various surfaces [14,15]. Additionally, the dispersed GO can be
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functionalized via its oxygen-containing surface groups [16,17]
with, for example, isocyanates [18], nanoparticles [19], enzymes
[20] and other biomolecules [21]. This is advantageous in the pro-
duction of biosensors [22,23] and tissue engineering substrates
[23], for example. In contrast to GO, graphene and graphite are both
insoluble in water, difficult to cast onto films via conventional
liquid-phase chemistry and chemically challenging to function-
alize. GO thus has significant advantages as a starting material for
direct laser writing of electronically active structures into surfaces.

The oxygen atoms in GO disrupt the material from graphene's
planar, hexagonal conformation. The consequence of this structural
difference is that GO is an insulator. The approach, then, to
obtaining graphene's structure and its extraordinary functionality,
is to remove the oxygen atoms in GO by reduction, and allow the
carbon atoms to relax back into the graphene conformation.

The main methods for reducing GO are chemical, thermal, and
photoreduction. Reduced graphene oxide (rGO) has found uses in
the areas spanning the breadth of materials science and engineer-
ing, with examples like field-effect transistors [24], photovoltaic
devices [25], supercapacitors [26], 3D holographic images [27] and
chemical sensors [28], just to name a few. It should be noted
though, that although the reduction of GO provides an effective
route to monolayers of graphene, the final processed material
generally consists of patches of pristine graphene connected by
unreduced, oxygen-containing, carbon groups [29]. Additionally,
the reduction process can introduce defects (e.g. heptagons, pen-
tagons, edges [30]) into the final rGO structure [31], the degree to
which depends on the method of reduction. Hence, we and others
formally distinguish rGO from graphene.

Defects in the graphene structure, as in rGO, are not necessarily
disadvantageous, despite the concomitant reduction in electrical
conductivity. Point and line-type defects present in polycrystalline
graphene [30] and nanometre-scale topological defects in rGO [32]
can be beneficial for Li ion batteries, for example. Pyridinic-type
extended defects in N-doped graphene increase the capacity of
the material for Li adsorption beyond that of pristine N-doped
graphene [33]. Similarly, divacancy defects can act as seed points
for the intercalation of Li ions [34]. Defects also appear to increase
the adsorption of various gas molecules [35e37], and thereby
enhance the use of graphene-like materials in gas sensing. Indeed,
the chemical functionalization routinely performed on GO and rGO,
considered defects by many [38], can confer significant benefits for
applications [39]. Such applications exploit the trade-off between
the increased electrocatalytic activity and loss of conductivity from
a defect site [40].

For some applications, pristine graphene is more suitable. The
presence of any kind of defect in a highly conductive network of sp2

carbons introduces a scattering centre for electrons and hence the
electrical conductivity suffers on the nanoscale [41]. Some appli-
cations that require complete graphenisation include electrome-
chanical actuators [42], surface-enhanced Raman spectroscopy
[43], and Pd nanoparticle-assisted electro-catalysis [44].

Photoreduction has distinct advantages compared to the
chemical and thermal reduction methods [45]. It is solvent and
harsh chemical free; the reduction performed entirely in the solid
state and is aligned with the principles of green chemistry. Addi-
tionally, in a single step, it allows reduction of the GO layer and
simultaneous patterning without the need for masks or complex
processing [46]. Using lasers and micromachining stages, one can
directly laser-write micron-scale patterns into GO films. This po-
tential immediately lends itself to applications such as electrodes
for supercapacitors, sensors, flexible electronics and circuits. rGO
has a resistivity of 80e500 U/sq [45], orders of magnitude smaller
than that of GO (typically > 20 MU/sq) [47]. Hence conductive
circuits can be easily and reliably patterned onto the surface of
flexible GO substrates, thereby linking the production method
(direct-write laser reduction) to the rGO application
(microelectronics).

This work focuses on the photoreduction of GO to rGO with
lasers. The goals are to understand the mechanism in this prom-
ising approach, and to determine optimal conditions for direct
laser-writing of rGO microstructures. We qualitatively and quanti-
tatively compare the effectiveness of the three most common laser
direct-write methods: (1) nanosecond UV (248 nm) pulses, (2)
788 nm CW illumination, and (3) 100 fs, near infrared (800 nm)
pulses. We use x-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, optical profilometry and scanning electron micro-
scopy (SEM) to thoroughly characterize the laser treated surfaces.
Raman spectroscopy is an important tool for quantifying the extent
of the sp3 to sp2 transformation that accompanies photoreduction,
through the intensity of the 2D Raman band [46,48,49]. Finally, our
experiments are under ambient conditions, as this offers the most
scalable approach to rGO production.

Previous research by others has demonstrated the viability and
utility of rGO produced via direct laser writing [36,46,47,49e54].
However, these experiments were either performed in a high purity
inert gas or high vacuum environment [46,49,50,52,53], with
different lasers on different substrates [47,54] or without consid-
eration of the Raman 2D band to confirm that the photoreduced
material has adopted the important sp2 structural form of graphene
[36,51]. This paper is thus the first of its kind to compare the
common laser photoreduction methods under common conditions,
upon a common GO substrate, and to confirm the extent of both
photoreduction and conformational transformation of the rGO
formed.

2. Materials and methods

2.1. Production of graphene oxide (GO) films

Two different forms of GO were utilised to make films for laser
photoreduction. The first was synthesized via the modified Hum-
mers method [55,56]. The second was purchased from a commer-
cial source (Graphenea Inc., USA). Films of eachweremade by drop-
casting 12 mL of 3.7 mg mL�1 aqueous GO onto biaxially oriented
polyethylene terephthalate (PET) films (Mylar, RS Components).
The films were dried under ambient conditions for 24 h, in a Class
100 cleanroom. PET was chosen because of its flexibility and suit-
ability as a substrate for supercapacitors. The resulting GO films
have not degraded in air, at 20e25 �C for over 5 months. Investi-
gation of the surface morphology by optical profilometry also
revealed an inherent average surface roughness of 1.0e1.7 mm.

2.2. Laser photoreduction techniques

Three laser sources were used to direct-write rGO into the GO
films. All of these laser treatments were performed at room tem-
perature (20 �C) at ambient pressure and 30% relative humidity.

The CW, 788 nm laser (LightScribe DVD drive, HewlettePackard
Inc., USA) was used under maximum contrast settings in order to
increase the extent of reduction, guided by the work of Strong et al.
[47]. The GO film on PET was adhered to the surface of a
LightScribe-enabled DVD using spray adhesive (3M Spraymount
repositionable adhesive). Multiple 1.5 cm � 1.5 cm processed areas
were scribed; each sample was exposed to six passes in the
LightScribe DVD device. The process was controlled using the
LightScribe Direct Disk Labelling software.

Nanosecond, UV laser reduction was performed with a Xantos
XS laser (248 nm, 5 ns pulse duration, 500 Hz repetition rate,
Coherent Inc., USA) with a range of incident fluence and pulse
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overlap conditions. The laser was directed to a commercial micro-
machining stage (IX-100C, JPSA Inc., USA) for controlled illumina-
tion of the GO film. A mask was employed to generate an
approximately flat-top intensity profile in a 50 mm � 50 mm square
spot at the GO sample surface. Fluence values from 48 mJ cm�2 to
240 mJ cm�2 were employed. The number of pulses overlapped at
each point in the sample ranged from 2 to 50.

Femtosecond laser reduction (800 nm, 100 fs pulse duration,
1 kHz Legend Elite, Coherent Inc., USA) was carried out with a
Ti:Sapphire amplified laser. The pulse train was directed to the
micromachining stage (IX-100C, JPSA Inc., USA). At the sample
surface, the masked beam was demagnified to a 50 mm � 50 mm
square spot with an approximately flat-top intensity profile. The
fluence ranged from 47 mJ cm�2 to 968 mJ cm�2

(1.17e24.2 mJ pulse�1). As with the nanosecond laser processing,
the number of pulses overlapped at each point in the sample
ranged from 2 to 50.

2.3. Characterisation techniques

Raman spectroscopy was performed with an alpha300 R
confocal Raman microscope (WiTEC GmbH, Germany; 532 nm,
incident power ¼ 0.288 mW). For each photoreduction condition,
Raman spectroscopic analysis was performed on at least 5 different
areas on an array of machined 50 mm � 50 mm spots.

Samples for XPS analysis were prepared by scribing lines on the
GO surface and adjusting the scribing rate to change the pulse
overlap. XPS was carried out on an Axis ultraDLD (Kratos Ltd., UK),
using a monochromated Al Ka X-ray source with a power of 100 W.
The chamber pressure was on the order of 10�9 torr and core level
scans were carried out at a pass energy of 20 eV. The data was fit
using the CasaXPS software (Casa Software Ltd., USA); spectral
components were fit using GaussianeLorentzian functions and
asymmetric GaussianeLorentzian components for the carbon sp2

peaks [57].
An SEM (JEOL JCM6000, Coherent), stylus-contact profiler

(DektakXT, Bruker Inc., USA) and optical profiler (Bruker Contour
GTK, Bruker Inc., USA) were used to characterise the surface
morphology and thickness of the GO and rGO films. They were all
approximately 20e25 mm thick. The optical profiler was used in the
vertical scanning interferometry mode. The optical profiler and the
SEM also were used to analyse the diameters and depths of
machined holes in the GO film, in order to determine the UV
nanosecond pulse laser ablation threshold.

Glancing angle x-ray diffraction (GAXRD) data was collected
using a PANalytical X'Pert Pro diffractometer located at Victoria
University of Wellington (New Zealand). This instrument uses a Cu
Ka X-ray source. Glancing angle experiments were carried out with
incident angle u ¼ 1�, with a 2q scan range from 5 to 35�, step size
of 0.02�, and acquisition time of 15 s per step.

2.4. Ablation threshold determination

The fluence threshold for UV nanosecond pulse laser ablation
was determined using the volume regression technique [58e60].
Lines were machined at various fluence levels and overlapping
pulse conditions, and their depths measured using optical
profilometry.

3. Results and discussion

In this work, we quantify the extent and quality of the laser
photoreduction and conversion to a graphene-like structure when
GO is irradiated to form rGO. We compare the performance of the
three most widely used laser systems for direct-writing of rGO
features. Raman spectroscopy and XPS provided information about
the surface chemical and physical characteristics; optical profil-
ometry and SEM provided insight into the morphology of the
irradiated surfaces.

Raman spectroscopy is an excellent tool for analysing graphene,
GO and rGO [48,61,62]. Three main Raman spectral features are
useful for our study. The G-band (~1580 cm�1) appears in graphene,
GO and rGO and reflects scattering from an in-plane, E2g phonon. In
this study, we use it to normalize our Raman spectra, and thereby
enable comparisons of the relative intensities of the other bands in
the spectra.

The Raman D-band (~1350 cm�1) is an A1g phonon associated
with an sp2 ring-breathing mode. This band would be an excellent
marker for graphene-like structure, however it is largely silent
because of the Raman selection rules of the system. It gains in-
tensity in the spectrumwhen there are defects in the surface layers
of the film [63].

In contrast, the first overtone of this band, the 2D band
(2700 cm�1) is an allowed transition, and appears in the spectrum
when the sp2 rings are present. This 2D band is inextricably linked
to the electronic band structure of graphene, and changes as gra-
phene's band structure does [48]. The oxygen groups in GO give rise
to a large reduction in the number of sp2 hybridized carbons, and
hence we observe no appreciable 2D band intensity in the Raman
spectra of our GO films. Upon photoreduction and relaxation of the
conformation of the carbon lattice to the more graphene-like, sp2

structure, the 2D Raman intensity increases. Our choice to rely on
the intensity of the 2D band as the best indicator of few-layer
graphene is supported by the work of Sokolov et al. [46]. and Tru-
sovas et al. [49].

The ratios of the intensities of the D and G peaks (ID/IG) and of
the 2D and G peaks (I2D/IG) in the Raman spectra of our surfaces
thus reflect the defect density and extent of graphenization e

photoreduction and conversion to a graphene-like structure e

respectively, of the surface before and after laser illumination.
Ideally, we want to optimize for minimum defect introduction and
maximum photoreduction and graphenization (low ID/IG and high
I2D/IG).

XPS reflects the elemental ratios of the chemical binding states
within the first few layers in the film. XPS is an extremely surface-
sensitive technique and is well suited for evaluating the formation
of rGO in our laser treated GO thin-films. In the survey spectrum, a
greater extent of reduction is shown by an increase in the carbon to
oxygen (C:O) ratio. In the chemical state scans, the C1s XPS spectral
bands for the epoxide/hydroxyl (286 eV), carbonyl (288 eV), and
carboxyl groups (289 eV) will depend upon the oxygen content of
the surface, and thus the extent of photoreduction [62], when
compared to the CeC (sp2 and sp3) band at ~285 eV. XPS is less
sensitive to the structural conversion to the planar sp2 network of
the surface.

In the results and discussion below, the processed area of the
sample is identified by the type of laser employed: femtosecond
pulses (fs-rGO), nanosecond pulses (ns-rGO) and continuous wave
illumination (cw-rGO).

3.1. Comparison of the GO to graphene-like rGO transformation
induced by CW, ns and fs laser pulses

Laser photoreduction and graphenization of GO to rGO depends
upon the laser parameters employed during processing. For the
continuous wave (788 nm) approach, we used the most effective
settings of the LightScribe system, as determined by Ref. [47].

The ns-rGO generation was sensitive to the laser parameters
(number of pulses overlapped, incident laser fluence) under the
range of conditions that we employed. Fig. 1 shows the I2D/IG ratio



Fig. 1. The Raman I2D/IG ratio measured on ns-rGO samples versus incident laser flu-
ence and number of overlapping pulses. White dots represent data; contours were fit
by local polynomial regression.
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as a function of both the number of pulses overlapped and the
incident laser fluence. The best photoreduction and formation of
sp2 conformations was observed at 0.12 J cm�2 and for 40 pulses
overlapped at each spot (Fig. 1).

In contrast, exploration of the parameter space for femtosecond
(800 nm) laser processing of GO showed no apparent dependence
of the GO to rGO transformation upon these parameters (see Sup-
plementary Material). Below, then, we compare results of experi-
ments performed under optimal continuous wave (788 nm) and
nanosecond pulse (248 nm) conditions, and set the femtosecond
pulse (800 nm) laser parameters to be 0.15 J cm�2 and 40 over-
lapping pulses, similar to those used for the nanosecond laser
processing.
3.1.1. XPS chemical state scans
Significant differences among unprocessed GO and the fs-rGO,

ns-rGO and cw-rGO samples were observed in the XPS chemical
state scans (Fig. 2). A clear decrease in the intensities of the oxygen
containing peaks relative to the major carbon dominated band at
284.5 eV was observed for all three laser processed samples. This
result indicates that oxygen is being removed from the surface of
GO during laser exposure during UV ns, nIR fs and nIR CW laser
processing.

Comparisons among the XPS spectra of fs-rGO, ns-rGO and cw-
rGO shows that the nanosecond (248 nm) and continuous wave
(788 nm) laser processes were approximately equally effective in
photoreduction, and both are more efficient than are the femto-
second (800 nm) pulses under the conditions employed. Table 1
provides detailed comparisons among the constituent bands in
the XPS spectra, normalized to the intensity of the carbon signal
(sp2 and sp3) at 284.5 eV, to highlight the loss of oxygen atoms from
the surface.

The XPS evidence suggests that the photoremoval of oxygen
from the surface depends upon the laser method used. When
femtosecond pulses are used, the intensities of the carbonyl
(287 eV) and carboxyl (289 eV) bands decrease proportionally more
than does the epoxide/hydroxyl peak (285.5 eV). A detailed com-
parison shows enrichment of the epoxide/hydroxyl groups (over
C]O and C(¼O)O) in fs-rGO over untreated GO (ratio of epoxide/
hydroxyl groups to [C]O þ C(¼O)O] increases from 2.34 for GO to
2.63 for fs-rGO); Table 1. The opposite is observed in ns-rGO and
cw-rGO; the two higher energy bands sum to approximately the
same total intensity as does the lower energy CeO peak (ratio of
epoxide/hydroxyl groups to [C]Oþ C(¼O)O] is 1.09 for ns-rGO and
1.15 for cw-rGO). These results indicate that the femtosecond laser
pulses preferentially remove oxygen moieties involved in higher
energy (e.g. double) bonds.
3.1.2. Raman spectroscopy
As discussed more fully above, the Raman spectra provide

insight into the transformation of the carbon surface from the sp3

conformation characteristic of untreated GO to the sp2 geometry
indicative of graphene like domains (I2D/IG). In addition, the ID/IG
ratio is larger when the surface has more defects. Fig. 3 shows the
Raman spectra of GO, fs-rGO, ns-rGO and cw-rGO normalized to the
G-band intensity; the I2D/IG and ID/IG intensity ratios are summa-
rized in Table 2.

Examination of the ID/IG ratios shows that cw-rGO is charac-
terized by significantly higher presence of defects, relative to un-
treated GO and to both fs-rGO and ns-rGO. Continuous wave
illumination thus appears to inflict more damage upon the mate-
rial, than do either nanosecond or femtosecond pulses.

It is also apparent that the application of nanosecond pulses to
GO results in the highest level of graphenization in the rGO prod-
uct: the I2D/IG ratio increases by a factor of 6 relative to that seen in
untreated GO. The cw-rGO also shows increased sp2 domains, but
to a much lesser extent than is seen in ns-rGO. Finally, the femto-
second laser pulses induce very little, if any, conversion of sp3 to sp2

domains in the system. The I2D/IG for fs-rGO is 0.1, identical to that
for untreated GO.

Taken together, the XPS and Raman results strongly suggest that
the photoremoval of oxygen and the conversion to the electroni-
cally desirable graphene-like structure are linked, but separate,
photoinitiated events. This is discussed further below.

3.1.3. Scanning electron microscopy
The microstructures that result from laser treatment of GO

depend strongly upon the type of laser employed (Fig. 4). The SEM
images show that GO is relatively flat and featureless (Fig. 4a), with
sub-10 mm ripples that originate in the GO casting procedure.

In contrast, the surfaces of the laser treated samples exhibit
significantly higher surface roughness, with features that vary with
the preparation method (Fig. 4bed). Both femtosecond and nano-
second pulsed laser irradiation created relatively small, irregular
(<10 mm diameter) nodules on the surface. For fs-rGO, ripple fea-
tures are superimposed on these features (Fig. 4b); these are absent
on the surface of ns-rGO (Fig. 4c). These ripples may be laser
induced periodic surface structures (LIPSS), observed frequently in
ultrashort pulse, sub-ablation threshold treatment of materials
[64,65]. Exposure of the GO film to continuous wave illumination
generated relatively small nodules that are on the order of 10 mm or
slightly larger (Fig. 4d).

3.2. UV nanosecond laser photoreduction and graphenization of GO
to ns-rGO

Under ambient conditions (20 �C, 30% RH in air), the 248 nm,
nanosecond pulses were clearly superior for photoreducing the GO
surface, inducing the required structural transformation from sp3 to
sp2 and resulting in a uniform ns-rGO film with few additional
defects.

We identified a relatively narrow set of fluence and pulse
overlap conditions that provide optimal conversion of GO to ns-rGO
(Fig. 1). Maximum graphenization occurred in the region between
about 0.115 and 0.135 J cm�2 and 35 to 45 overlapped pulses. A
secondary, less effective region is observed at slightly lower fluence
and pulse number. The need for multiple pulses to obtain effective
creation of the ns-rGO film is consistent with recent findings by
Sokolov et al. under conditions of high vacuum [46].

A similar analysis of the ID/IG ratio (Fig. 5) shows two regions in
this parameter space that lead to higher photoinduced defect for-
mation. Fortunately, both of these regions induce only minor ele-
vations in the ID/IG ratio, and neither overlaps completely with the



Fig. 2. XPS chemical state scans of (a) GO, (b) fs-rGO (0.15 J cm�2; 40 overlapping pulses), (c) ns-rGO (0.12 J cm�2; 40 overlapping pulses), and (d) cw-rGO (LightScribe maximum
contrast, six passes).

Table 1
XPS chemical state components for GO, fs-rGO, ns-rGO and cw-rGO, normalised to the CeC (284.5 eV) peak intensity.

Samplea CeO (285.5 eV) C¼O (287 eV) C(¼O)O (289 eV) p e p* satellite C�O
½C¼O þ Cð¼OÞO�

GO 0.83 0.25 0.10 e 2.34
fs-rGO 0.59 0.20 0.03 e 2.63
ns-rGO 0.16 0.10 0.05 0.02 1.09
cw-rGO 0.15 0.08 0.05 0.03 1.15

a Sample preparation conditions: fs-rGO (0.15 J cm�2; 40 overlapping pulses); ns-rGO (0.12 J cm�2; 40 overlapping pulses); cw-rGO (LightScribe maximum contrast, six
passes).
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peak conditions for photoreduction and graphenization of GO to
ns-rGO. The observation of only minor photoinduced defect for-
mation under ambient conditions with 248 nm ns pulses is
consistent with Yung et al. [54]. Some find a laser-induced reduc-
tion of defects, as evidenced by ID/IG ratios of less than 1.0, but these
require vacuum or low pressure inert gas [46,52,53]. Themap of the
ID/IG parameter space obtained is anticipated to be useful in ap-
plications where defect introduction and simultaneous reduction is
required.

Combining these two results, we have determined an optimum
UV nanosecond laser processing condition that induces the largest
extent of phototransformation to graphenized ns-rGO while mini-
mizing the introduction of defects: 0.12 J cm�2 and 40 overlapped
pulses. This optimum condition generates Raman spectra with an
I2D/IG of 0.59 and an ID/IG of 1.1 (Table 2).

XPS survey scans of GO and ns-rGO fabricated under the optimal
conditions demonstrate that the C:O ratio increases from 2.95 to
10.84 upon laser modification (see Supplementary Material). This
4-fold change represents a marked decrease in the presence of
oxygen-containing functional groups at the surface upon process-
ing GO to ns-rGO. The extent is comparable to that obtained by
chemical and thermal reduction methods [36,51,52] and by others
who have explored UV nanosecond processing of GO under
ambient conditions [54].

Our optimum settings for nanosecond laser processing of GO
under ambient conditions are promising for future industrial uses,
but laser treatment under high vacuum provides superior conver-
sion to ns-rGO. Sokolov et al. observed a 40-fold increase in the C:O
ratio under high vacuum (10�6 torr) and room temperature, and for
similar, though not identical, laser pulses (20 ns, 248 nm,1 Hz) [46].
Interestingly, the optimal GO to ns-rGO condition obtained in the
high vacuum study are similar to the ones we determined under
ambient air conditions: 0.132 J cm�2 and 32 overlapped pulses [46].
We also see a requirement for pre-pulses. The small variance



Fig. 3. Average Raman spectra (5 points on the surface) normalized to the G-band
intensity. Laser processing conditions: fs-rGO (0.15 J cm�2; 40 overlapping pulses), ns-
rGO (0.12 J cm�2; 40 overlapping pulses), and cw-rGO (LightScribe maximum contrast,
six passes).

Table 2
Raman I2D/IG and ID/IG ratios GO, fs-rGO, ns-rGO and cw-rGO.

GO fs-rGOa ns-rGO cw-rGO

ID/IG 1.0 1.1 1.1 1.3
I2D/IG 0.10 0.10 0.59 0.17

a Sample preparation conditions: fs-rGO (0.15 J cm�2; 40 overlapping pulses); ns-
rGO (0.12 J cm�2; 40 overlapping pulses); cw-rGO (LightScribe maximum contrast,
six passes).
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between the optimal fluences is most likely due to small differences
in the GO films or the nanosecond laser pulsewidths. The similarity
in optimal processing conditions despite the large differences in the
oxygen content of the resultant ns-rGO surfaces suggests the
photoreduction and graphenization processes are the same in air
and in vacuum. The higher oxygen content in the ns-rGO films
processed in air most likely derives from re-deposition of ejected,
oxygen-containing material and/or re-functionalization of the
photoprocessed surface by oxygen in the atmosphere. This idea is
consistent with Sokolov's proposal of plume interactions [46].

3.3. UV nanosecond ablation threshold of GO

The SEM images in Fig. 4c indicate that the optimum laser flu-
ence for photoreduction and graphenization of GO to ns-rGO is
above the nanosecond UV laser ablation threshold for this material.
In order to assess this properly, we have determined the UV,
nanosecond pulsed laser ablation threshold for GO (Fig. 6).

Using the volume regression technique [58e60], the laser
ablation threshold for GO using 10 ns, 248 nm laser pulses was
found to be about 10mJ cm�2, about 10-fold lower than the optimal
fluence for converting GO to ns-rGO under these conditions. This is
the first report of an ablation threshold for GO, to our knowledge. It
represents the minimum laser fluence required to change the sur-
face morphology of the GO film.

4. Mechanism of laser reduction of graphene oxide to
reduced graphene oxide

The difference in the properties of the rGO films produced by
nanosecond and femtosecond pulses provides key insight into the
mechanism of the laser induced transformation of GO into a
graphene-like, rGO structure. By XPS, we observe the loss of oxygen
from the surface during processing by both types of pulses, albeit
more efficiently for the nanosecond laser treatment. However, the
conversion from sp3 to sp2 structures, the graphenization of the
surface, is apparent in the Raman spectra (I2D/IG ratio) for ns-rGO
films, but not for their fs-rGO counterparts.

We therefore propose that the mechanism of direct-write laser
transformation of GO to graphene (rGO) occurs in two steps:
photochemical removal of oxygen from the surface and thermally
mediated relaxation of the carbon lattice to a planar, hexagonal sp2

conjugated, graphene-like layer. This idea is supported by the
different mechanisms through which nanosecond and femto-
second pulses interact with materials e femtosecond laser pulses
are much less effective at depositing heat in a material than are
nanosecond laser pulses [66].

The nanosecond laser pulses photochemically remove oxygen,
ablate the material, and in the process also heat the irradiated spot
and the area around it (the well-known heat affected zone). The
heating provides the local lattice with the energy required to
rearrange into graphene-like domains. Essentially, this is a highly
localized, laser-mediated, thermal annealing process. The contin-
uous wave laser processing operates in the same way, but because
of its wavelength and lower fluence, the deposition of thermal
energy in the film is not as high.

The deposition of heat, and hence the thermally mediated
structural relaxation, requires a laser pulse with a duration longer
than that of the electron-phonon equilibration time of the material.
In GO, the electron-phonon equilibration time has been found to be
0.37 ps [67]. The femtosecond pulsed laser we used for reduction
has a pulse duration of about 100 fs e the pulse duration is
significantly shorter than the time required for the excited elec-
trons to transfer their energy to the phonons and thereby heat the
lattice. Hence the same underlying mechanistic reason that
femtosecond laser micromachining is a “cold cutting” process [66]
leads to the absence of reorganization of the oxygen-poor, laser
treated fs-rGO surface to graphene-like domains. It also offers an
excellent opportunity for further study of the fundamental mech-
anistic details of this process and exploitation of the method for
industrial applications.

Preliminary studies on substrates with higher (stainless steel)
and lower (air) thermal conductivities than PET are entirely
consistent with the hypothesis that graphenisation is thermally
mediated (not shown). Laser reduction under optimal ns-rGO
conditions (0.12 J cm�2, 40 pulses) on GO supported on stainless
steel showed less graphenisation, while a freestanding GO film in
air was completely pierced when irradiated under the same con-
ditions. Further studies using nanosecond and femtosecond pulses
are underway to better understand the effects of pulse duration and
substrate thermal conductivity on graphenisation.

Preliminary studies using GAXRD support the results seen
already, with laser-reduced GO showing an increased amount of
the rGO phase with C (002) peak around 26� (Fig. S5 e supple-
mentary material). Estimations of the crystallite size from this peak
(using the Scherrer equation) yield a mean crystal size of
5.5e5.9 nm, indicating reasonable crystallinity. Interesting results
are seen with regards to the position of the graphene oxide C (002)
peak at ~11� which offers information regarding interplanar
spacing, suggesting that exfoliation of graphene oxide layers may
be occurring during laser reduction. Further investigation into this
phenomenon is underway.

5. Conclusions

In this report, we have evaluated the photoreduction and gra-
phenization of GO to rGO under ambient temperature and atmo-
spheric conditions for three common laser processing approaches:



Fig. 4. SEM Images of (a) GO, (b) fs-rGO (0.15 J cm�2; 40 overlapping pulses), (c) ns-rGO (0.12 J cm�2; 40 overlapping pulses), and (d) cw-rGO (LightScribe maximum contrast, six
passes).

Fig. 5. The Raman ID/IG ratio measured on ns-rGO samples versus incident laser flu-
ence and number of overlapping pulses. White dots represent data; contours were fit
by local polynomial regression.
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(1) 800 nm, 100 fs pulses, (2) 248 nm, 10 ns pulses, and (3) 788 nm
CW illumination (LightScribe). To our knowledge, this is the first
study of different laser processing approaches applied to the same
sample under the same conditions. This approach allows a direct
and robust comparison of the varied abilities of these methods to
produce direct-write laser scribed graphene features in GO films,
and has provided significant insight into the mechanism of the
photoreduction and structural reorganization that occurs.

UV, nanosecond pulsed laser processing was the most effective
at producing graphene-like rGO films, under our conditions. The
optimal laser conditions for maximum oxygen removal, by XPS, and
graphenization (Raman I2D/IG) with minimal defect introduction
(Raman ID/IG) were 0.12 mJ cm�2 with 40 overlapping pulses. This
optimal processing fluence is approximately 10-fold larger than the
ablation threshold measured for GO in this study.



Fig. 6. The ablation threshold of GO measured using the volume regression method for
248 nm, 5 ns incident laser pulses (repetition rate 500 Hz).
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800 nm, femtosecond pulsed laser processing led to removal of
oxygen, but little or no graphenization (sp3 to sp2 reorganization) of
the surface. CW illumination was found to produce relatively poor
rGO materials as well; although oxygen was removed from the
irradiated areas, defects were introduced concomitantly and the
presence of graphene-like configurations was relatively low.

The findings reported here indicate that the laser-induced
transformation of GO to rGO involves at least two steps that are
mediated by distinct physical processes. The first is the laser-
induced photochemical removal of oxygen from the surface. This
is accompanied by laser ablation, as the transformation occurs at
fluences well above the laser ablation threshold.

The second process is the structural reorganization of the newly
formed, reduced carbon lattice into the planar, hexagonal, sp2

graphene structure. The fact that we see oxygen removal but no
graphenizationwith femtosecond irradiation indicates that this is a
thermally-mediated process. Single-pulse femtosecond experi-
ments have suggested that this structural transformation is not
thermally mediated [27]. However the fact that our results were
obtained for femtosecond, nanosecond and CW laser processing in
parallel on the same samples under the same conditions provides
strong evidence the sp3 to sp2 structural reorganization to a
graphene-like conformation requires deposition of heat into the
material, while the laser-induced, photochemical removal of oxy-
gen from the surface does not. This is the first such comparison on a
consistent GO substrate under comparable ambient conditions, and
the results provide insight into the fundamental mechanism and
the utility of the method for direct laser writing electronically
active materials.
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