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Abstract: Reduced graphene oxides with varying degrees of reduction have
been produced by hydrazine reduction of graphene oxide. The linear and
nonlinear optical properties of both graphene oxide as well as the reduced
graphene oxides have been measured by single beam Z-scan measurement
in the picosecond region. The results reveal both saturable absorption and
two-photon absorption, strongly dependent on the intensity of the pump
pulse: saturable absorption occurs at lower pump pulse intensity (~1.5
GW/cm” saturation intensity) whereas two-photon absorption dominates at
higher intensities (5.7 GW/cm?). Intriguingly, we find that the two-photon
absorption coefficient (from 1.5 cm/GW to 4.5cm/GW) and the saturation
intensity (from 1 GW/cm® to 2 GW/cm?) vary with chemical reduction,
which is ascribed to the varying concentrations of sp’ domains and sp’
clusters in the reduced graphene oxides. Our results not only provide an
insight into the evolution of the nonlinear optical coefficient in reduced
graphene oxide, but also suggest that chemical engineering techniques may
usefully be applied to tune the nonlinear optical properties of various nano-
materials, including atomically thick graphene sheets.
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1. Introduction

Graphene has attracted widespread interest due to its unique linear and nonlinear optical
properties [1]. Broadband universal absorption [2,3], ultrafast carrier dynamics [4] and band-
filling effects [5,6] make it a promising broadband fast-saturable absorber for various
applications, including ultrafast lasers [7-9]. The high nonlinear susceptibility of graphene
can also potentially enable high-efficiency optical frequency conversion (e.g., four wave
mixing [10], harmonic generation [11,12] and nonlinear refraction [13,14]).

An important related material in the graphene family, graphene oxide (GO), also
possesses obvious nonlinear optical properties. GO can be thought of as pristine graphene
decorated by chemical functionalization [15]. Its electronic band structure can be tuned over a
wide range by adjusting the amount and type of oxygen-containing groups [16]. The band gap
of GO can vary from 2.2 to 0.5eV [17], which indicates that transitions from insulator to
semiconductor and further to semimetal may also be possible [18,19]. In fact, complete
reduction of GO can almost restore the physical structure of pristine graphene [20]. The
reductive transitions typically lead to changes in electrical transport properties [21]. Recently,
the nonlinear optical properties of these two graphene materials (i.e., GO and reduced
grapheme oxide, RGO) have attracted much attention, including their two photon absorption
(TPA) properties as well as saturable absorption phenomena (SA) [22]. The TPA effect
makes GO a promising optical limiter (OL) [23]. The physical structure and properties of
RGO lie between GO and pristine graphene. RGO not only exhibits photoluminance [17] like
GO, but also field effects [24] like pristine graphene. Note that, in the field of nonlinear
optics, although some studies of GO and RGO have been reported [25-27], the mechanisms
behind the nonlinear optical properties of RGO are not fully understood. In particular, the
evolution of the nonlinear optical properties of RGO on reduction from GO has not been
reported thus far.

In this paper, we prepared various RGO (from GO) and GO samples, and demonstrate that
RGO can show both SA and TPA effects depending on the pump intensity: SA typically
occurs at lower intensity levels (~1.5 GW/cm®) whereas TPA tends to dominate at higher
pump intensity (5.7 GW/cm?®). We also find that the TPA coefficient and the saturation
intensity increase with reduction, which is related to the sp’ domains and sp” clusters in RGO.
We discuss the mechanisms behind the nonlinear optical properties of RGO in the context of
our observations, and address the nonlinear property evolution in these atomically thick
materials.

2. Sample preparation and characterization methods

The RGO samples were fabricated by hydrazine reduction following the process described
previously [28]. In summary, 3 mg GO powder (produced by a modified Hummers method
[29,30]) was dispersed in 1 mL deionized water with 40 minutes of sonication. The
suspension was diluted by adding 9 mL N,N-Dimethylformamide (DMF) and centrifuged at
3000 rpm for 5 minutes (Anke TDL-60B) to remove any relatively large particles. Hydrazine
hydrate was used to reduce GO. After adding hydrazine hydrate, the light-brown suspension
was stirred in a water bath at 80 °C for 12 hours. The suspensions with hydrazine turned into
black upon reduction, and the concentration of the obtained RGO dispersion was controlled at
around 0.3 mg/ml. The degree of reduction, corresponding to the residual number of oxygen-
containing groups in RGO, was controlled by adjusting the dose of hydrazine hydrate. Four
samples, reduced with O pl, 0.45 pl, 1 pl, and 4 pl hydrazine (noted as GO, RG00.45, RGO1,
RGO4 respectively in the following parts of this paper), were used for this investigation. The
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dispersion samples are illustrated in Fig. 1, and remain uniform, in a stable colloidal state, for
months.

Fig. 1. The GO and RGO dispersions used in this study.

The as-synthesized dispersion samples were characterized by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250), UV-vis spectroscopy (SpectraPro-500i) and Raman
spectroscopy (JY-T64000) to determine their fundamental physical and chemical properties.
For XPS and Raman measurements, the dispersion samples were drop-cast onto SizN,/Si
substrates and dried at 50 °C in a vacuum oven. In addition, samples were spray-coated onto
quartz substrates pre-heated to 50 °C and subsequently dried at 50 °C in a vacuum oven prior
to measuring UV-vis spectroscopy. A similar quantity of sample (~2 ml) was used in each
case to get similar film thicknesses for comparative purposes. The single beam Z-scan method
was employed to measure the optical nonlinearity of the dispersion samples, using a 532 nm
Nd: YAG laser with 25 ps (1) pulse duration and 1 Hz repetition rate. The laser output was
focused using an f = 200 mm lens, giving about ~2.5 mm Rayleigh length (z0) and ~20.6 pm
beam waist (@o). A range of dispersions (GO, RG0O0.45, RGO1, and RGO4) were held within
1 mm thick quartz cells for nonlinear optical measurement. The cell is fixed perpendicular to
the laser beam and moved along the optical axis on a linear displacement platform [31]. The
transmitted laser light was collected by a large-aperture lens (up to 40 mm) for accurate
measurement. To calibrate this measurement setup, a standard CS, liquid sample in an
identical 1 mm quartz cell is also measured with a laser intensity of 2.7 GW/cm®. The Rey’ of
our CS, sample in this configuration was —2.9 x 107'* esu, comparable to that reported for
CS; [31], validating the accuracy of our measurement setup and analysis methods.

3. Results and discussion
3.1. XPS, Raman and linear absorption

XPS spectra of GO and RGO samples are reported in Fig. 2. The C-C binding energy was
assigned at around 284.7 eV. Chemical shifts of + 1.5, + 2.5, + 4.0 eV were used for
functional groups C-OH, C = O, and O = C-OH respectively [32]. In the RGO samples, a new
sub-peak at 285.8 eV appears, corresponding to the C within the C-N bonds of hydrazones
[33]. XPS spectra have been fitted with sub-peaks corresponding to the functional groups.
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The percentage area of each sub-peak and the calculated C/O ratio for the four samples are
listed in Table 1. As might be expected, oxygen containing groups in RGO are removed
gradually, to an increasing degree as larger doses of hydrazine hydrate are used. The
maximum C/O ratio of the RGO in this study is around 3.2. Note that increasing the dose of
hydrazine to greater that 4 puL did not increase the C/O ratio further, indicating a moderate
further influence on the reduction of GO at these levels.

Binding Energy (eV)

Fig. 2. XPS spectra of samples GO, RG00.45, RGO1, and RGO4. Peaks are (1) C-C, (2)C-N,
(3)C-OH, (4)C =0, (5)0 = C-OH.

Table 1. Characteristics of our four samples. The chemical bond and element
composition have been obtained from XPS spectra. Oxygen-containing groups are
partially removed while C-N bonds arise after reduction. The D/G band ratios (/1) and
n-n* absorption peak positions are measured from Raman and UV-vis absorption
spectra respectively. The TPA coefficient (f) and saturation intensity (/) obtained from
Z-scan experiments are also listed.

parameters GO RGO0.45 RGO1 RGO4
C-C 48.31% 51.13% 55.57% 61.75%
C-OH 18.75% 19.76% 19.06% 7.31%
C=0 25.23% 17.40% 10.92% 11.33%
O =C-OH 7.69% 8.02% 7.17% 6.19%
C-N 0% 3.66% 7.26% 13.40%
C/O 1.68 1.87 2.26 3.22
C/N oo 27.3 13.8 7.5
Ip/lg 0.88 0.95 1.03 1.12
n-n* absorption peak 231 239 250 257
position (nm)

0o @532nm (m™) 42655 880.67 1417.01 1609.12
B(cm/GW) 1.44 2.67 4.47 4.60

I, (cm’/GW) 1.5 2 2.3 2.5

Raman spectra of the RGO samples are given in Fig. 3. We focus here on the ratio of
intensities of the D band and G band (/p/l;), which contains the information on the average
sp’ cluster size or effective in-plane correlation length L,. An empirical relationship between
L, and Ip/I; exists, and has been reported as L, = 44A/(Ip/I;) [34]. The Ip/I; values obtained
thus from our Raman spectra of the GO and RGO samples, imply an average sp’ region
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dimension, or effective in-plane correlation length L, of ~5.0 nm, ~4.6 nm, ~4.2 nm and~3.9
nm for GO, RG00.45, RGO1 and RGO4 respectively. The result is consistent with previous
reports and can be explained by the emergence of small sp” domains on reduction [17]. We
estimate the average size of sp” cluster to be ~5 nm given sp” cluster only occur in GO. For
RGO, L, reflects not only the sp” cluster size, but also the sp° domain size.

Figure 4 shows the normalized linear absorption spectra of our samples. For each curve,
there is an absorption peak in UV region, which originates from the n-n* absorption [35]. A
red shift is observed for the absorption peak, shifting from 231 nm to 257 nm upon reduction
of GO. This shift can be understood in terms of the restored electronic conjugation pulling the
highest occupied molecular orbital and lowest unoccupied molecular orbital back toward the
unperturbed n-n* position [36]. This phenomenon is consistent with previous reports [37].

——RG0O4
== RGO
—0—RG00.45
=0 GO

1000 2000 3000

Raman shift(cm™)

Fig. 3. Raman spectra of the four samples under study. The ratio between D band and G band
increases from 0.87 to 1.13 as the degree of reduction increases.
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Fig. 4. UV-vis spectrum of spray-coated samples. The main absorption peak shows a redshift
from 231 nm to 257 nm upon reduction. All curves are normalized to maximum peak
absorbance.
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3.2. Open aperture Z-scans

Results from open aperture Z-scan measurements of our RGO and GO dispersion samples are
shown in Fig. 5. All samples were measured at four input pulse energies: 0.4 pJ, 0.7 uJ, 1 pJ,
and 1.3 pJ. For all samples SA is typically observed at lower pulse energy levels, while higher
pump energy leads to TPA.

To better understand our Z-scan measurement results, we consider TPA and SA
simultaneously [22]. We use the beam propagation expression from Maxwell’s equations to
describe the propagation of electrical field along the z-axis in the samples. Assuming
cylindrical symmetry, the optical electrical field (E) can be expressed as [38]:

2
2jka—E=(a—+li+k§;('NL(r,z)]E (1)
/s

where
Ko (r,2) = 2m8n(r,2) = "% &
An =n,l 2)

aO
+ 61
1+%‘ p

and r and z are the space coordinates perpendicular and parallel to the beam propagation
direction, respectively. The wave vector in vacuum is &, and £ is that in medium (k = ny*ky)
where ny is the refractive index of the medium. The intensity is / = 2n,°c|E|.

RGO00.45

30 30 -20 -0 0 10 20 30

Normalized Transmittance

z (mm)

Fig. 5. Open aperture Z-scan curves of GO and RGO samples measured at different pulse
energy. The symbols represent experimental data and the solid lines are the results from our
simulations.
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Fig. 6. Linear absorbance, saturation intensiy, and TPA coefficents of the GO and RGO
samples as a function of C/O ratio. Open triangles represent TPA coefficents measured at
different pulse energy. The average of the data is given by the solid line as a guide to the eye.

Equation (2) demonstrates that four fundamental parameters are typically needed to
describe the samples’ nonlinear optical properties: the nonlinear refractive index n,, the linear
absorbance a, the saturation intensity /;, and the TPA coefficient f. We also carried out
closed-aperture Z-scan measurements. The closed aperture Z-scan curves for all GO and
RGO samples that we obtained are very close to that of pure DMF (not shown), which
implies that GO or RGO in solution do not significantly contribute to the closed aperture Z-
scan results. In other words, n, for all our samples can be assumed to be approximately equal
to that of the pure DMF, which is determined to be 8.54 x 10" m*W from the closed
aperture Z-scan experiment. The linear absorbance a, was calculated from the sample
transmittance measured at very low intensity (~0.027 GW/cm?) at 532 nm. It is well known
that f is typically dependent on input pulse energy (i.e., the input pulse intensity) while the
saturation intensity /; can be considered independent of the pump energy [22]. Thus, the
above equation can be numerically solved using the Crank-Nicholson finite difference
method [38]. The simulation results are plotted in Fig. 5 and show a good match to both the
SA and TPA behavior obtained from our experimental results (dots).

The nonlinear absorption coefficients obtained from our analysis are summarized in Fig.
6, and listed in Table 1. Open triangles in Fig. 6 represent f calculated for different pump
intensities. We find that § increases slightly as the input pulse energy increases. This implies
that, in addition to TPA, excited state absorption from the TPA excited state may also
contribute to the nonlinear absorption at higher intensity [14]. This type of excited state
absorption, followed by TPA, is particularly attractive for optical limiting applications [39].
As shown in Table 1, the magnitude of /; and f of our GO are comparable to those previously
reported on GO dispersions [14,22]. We also observe that the linear absorbance, saturation
intensity and TPA coefficient all increase with reduction, clearly indicating the dependence of
RGO nonlinearity on GO reduction. Our result gives a clear insight into the evolution of the
nonlinear optical properties of graphene oxide materials with different amount of sp” domain,
as discussed below.
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Fig. 7. Structure and band diagram of RGO. The left cartoon (a) illustrates the three regions
present in RGO: sp® matrix, sp” cluster and sp’ domain. It should be noted that there are no sp’
domains in GO, but the sp’ matrix and sp’ clusters are almost identical to those in RGO. The
right hand side (b) illustrates the band gap of the three regions in RGO (pink and blue
represent conduction and valence band, respectively). For sp® matrix and sp? cluster, the band
gap are about 6eV and 0.5eV, respectively. The band gap of sp’ domains varies from 6 eV to
0.5 eV, depending on their size. The photon energy used was 2.3 eV (532 nm). Single and TPA
routes are illustrated by green arrows. Single photon absorption exists in sp” clusters while two
photon absorption exists in the sp’ matrix. Both single and TPA exist in sp’ domains.

Our experimental results may be understood on the context of an amorphous structural
model for GO and RGO [16]. In this model, oxygen-containing groups tend to aggregate
amorphously, forming a sp’ matrix in which isolated sp’ cluster islands (size ~5 nm) are
buried (Fig. 7). The sp’ clusters are bunches of well-patterned aromatic rings formed in the
oxidation process when originally producing GO from graphite. After reduction, the sp’
clusters typically do not change, but instead smaller conducting sp’ domains form and grow
within the sp’ matrix [17]. The sp’ domains are irregular conjugate carbon bonds, smaller in
size than the cluster islands, and produced during reduction. Different regions in the RGO
develop different electronic energy structures: the sp’ matrix typically has an -c* band gap
of ~6 eV [40]; the sp° clusters normally have a semiconductor band structure with a band gap
of ~0.5 eV [17]; while the sp” domains’ energy (typically from 0.5 to 6 eV) structures depend
on their size [17]. The band diagram of these various components of RGO is illustrated in Fig.
7. The photo energy we used (2.26 eV) is well below the sp’ matrix band gap, but above the
sp’ cluster band gap. The photon energy is likely comparable to the band gap of sp” domains.
It follows that TPA will mainly arise within the sp’ matrix, while SA is associated with the
sp’ clusters. Both TPA and SA may be present in the sp” domains. Expression for the optical
absorption of GO and RGO are, therefore [22,39]:
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We denote the number density of carbon sites in GO’s sp” clusters (sp’ matrix) as N, (N,,) and
N. + N, corresponds to the total carbon atomic number density. In RGO, the fraction of
carbon sites that are converted from the sp’ matrix to sp’ domains is £, In the expression for
the optical absorption of RGO, the first and second terms represent the SA originating from
the sp” clusters and sp’ domains respectively. The linear optical absorption cross section and
saturation intensity of sp’ clusters (with the equivalent values for domains in parentheses) are
0. (6,”) and I,. (I,;). These terms may be combined into an effective SA term in which %
and LR%C are the effective linear absorbance and saturation intensity. Similarly, the TPA cross
section, representing contributions from sp’ matrix (c,,/"*) and sp’ domain (g,”"*), may be
expressed in terms of a single effective TPA coefficient (8°°°). Larger values of f correspond
to increased reduction. Here, we compare the RGO samples (RG0O0.45, RGO1, RGO4) with
GO to obtain a qualitative comparison of the nonlinear optical properties of sp’ domains, sp’
clusters and the sp’ matrix.

Detailed information about the nonlinear optical properties of these three regions can be
derived from Eq. (3) and our experiment results. We consider the TPA first on account of its
relative simplicity. For RGO, p*°° = (I-f) N,, 6,”"* + f N,, 6, "> p°° = N,, 6,,”**, which
implies that ,/"> ¢,,”™. A carbon site in a sp” domain has a larger TPA coefficient than one
in the sp’ matrix. The analysis of SA is more complex. For simplicity, we assume that /<<,
Ls, 1,99, 1799 and that the terms of SA in Eq. (3) can be rewritten as:

N,o? (1+% )=a000 (1+%G0j

3)

“)
N o?! (1 +%gc ) +fN, o) (1 + %Sd) = o (1 +%fmj
Hence, the linear absorbance and saturation intensities of different regions are:
a)’ =N o’
I =1,
0} = N.0" + N, 0 ®

NGO (Jf.= Yo )= N, 04 ( Jfawo = J1.)

It can be seen that a"““ increases with £, or the reduction degree, which explains the observed
increase of linear absorbance with reduction. Since 7,*9°>1,C, both sides of the final equation
are positive, thus 1>189>1 99 = [ .. The saturation intensity of sz domains is larger than
that of the sp” clusters. The sp’ domains generated in GO during chemical reduction to RGO
thus show both larger saturation intensities and larger TPA cross section.

The TPA in GO and RGO can be dominated by excited state absorption, potentially
making GO and RGO good optical limiter materials. In an RGO-based optical limiter, before
the pump intensity reaches the level for TPA, the SA effect may relax more energy leading to
better transparency, which is somewhat unexpected. If the saturation intensity is pushed
beyond the threshold of TPA, then SA will no longer influence the optical limiting process.
We also estimate that sp° domains have higher /, than that of the sp’ clusters, as well as larger
TPA cross sections. This implies that producing more sp® domains in the samples will favor
optical limiting effects and suppress saturation absorption at low working intensities. It is also
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worth noting that the contribution of sp” domains to both SA and TPA is size-dependent. This
suggests that a better saturable absorber or optical limiter can be obtained by tuning the size
of sp” domains in RGO through chemical engineering.

4. Conclusions

The nonlinear optical absorption properties of RGO and GO are closely related to their
microstructures. The three oxidation-reduction related regions in RGO and GO (the sp’
matrix, sp’ clusters, and sp’ domains, respectively) provide different contributions. Any sp’
domains generated by chemical reduction not only show larger saturation intensities than sp’
clusters but also larger TPA cross sections than the sp’ matrix. This relationship may also be
applicable to many other carbonaceous materials in which these three regions are commonly
found. Our results imply that chemical engineering techniques may usefully be employed to
tune the nonlinear optical properties of various nano-materials at atomic-layer thicknesses.
For example, by moderate reduction, inducing a greater proportion of sp’ domains, one could
obtain larger TPA in RGO to develop better optical limiters.
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