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Ultrafast carrier dynamics and saturable absorption of solution-
processable few-layered graphene oxide
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Ultrafast carrier dynamics and saturable absorption of few-layered graphene oxide, well-dispersed
in organic solvent, are studied using femtosecond pump-probe and Z-scan techniques. The results
demonstrate that few-layered graphene oxide has a fast energy relaxation of hot carriers and strong
saturable absorption, which is comparable with that of reduced graphene oxide. Fast carrier
relaxation combined with well solution processing capability arises from the large fraction of sp?
carbon atom inside the few-layered graphene oxide sheet together with oxidation mainly existing at
the edge areas. This superiority of few-layered graphene oxide will facilitate potential applications
of graphene for ultrafast photonics. © 2011 American Institute of Physics. [doi:10.1063/1.3570640]

Graphene, as a two-dimensional carbon nanomaterial,
shows remarkable optical properties and has potential appli-
cations in photonics and optoelectronics.1 For example, the
ultrafast carrier dynamics, combined with large absorption
and Pauli blocking, make graphene an ideal ultrabroadband
and fast saturable absorber in the application of ultrafast
laser.”™ The ultrafast dynamics of charge carriers in
graphene have been reported using ultrafast pump-probe
technique, and fast decay times from tens to hundreds of
femtosecond were assigned to carrier—carrier scattering and
carrier—phonon scattering.S"7 However, it is known that the
solubility and/or processability are the first issue for many
perspective applications of graphene-based materials. For
this reason, chemical exfoliation methods which produce
graphene oxide (GO) from graphite are developed and result
in high-yield production of single sheet dispersions. Unfor-
tunately, carbon atoms bonded with oxygen groups are sp?
hybridized and disrupt the sp? conjugation of the hexagonal
graphene lattice in GO, and thus destroy the linear dispersion
of the Dirac electrons and influence the unique optical prop-
erties of graphene.&9 For example, this will make GO unsuit-
able as a broadband saturable absorber in laser cavities for
ultrafast pulse generation.10 Is it possible for us to improve
the solubility and preserve some of unique properties of the
pristine material simultaneously? For this purpose, we stud-
ied ultrafast carrier dynamics and saturable absorption of
few-layered GO (FGO), which can be well-dispersed in or-
ganic solvent. The fast carrier relaxation and large saturable
absorption of FGO in N, N-dimethylmethanamide (DMF) so-
lution indicate that oxidation mainly exists at the edge areas
and has ignorable effect on ultrafast dynamics and optical
nonlinearities. The solution-processability and fast nonlinear
response of FGO offer unique advantage since it is readily
amenable by spin-coating, spray-casting, drop-casting, or
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inkjet printing onto substrates for large-scale production of
graphene optoelectronics.

FGO used in our experiments was synthesized by arc-
discharge method using a buffer gas containing carbon
dioxide."" It can be well dispersed in common organic sol-
vents. Based on an atomic force microscopy (AFM) statisti-
cal height analysis, the distribution of FGO is mainly four to
five layers with layer size of about 100-300 nm."" The X-ray
photoelectron spectroscopy and x-ray diffraction indicate
that the relative content of the nonoxygenated sp* carbon
atoms is much higher than that in conventional GO using
chemical methods, and most of the disordered oxidation do-
mains exist at the edge areas.'! FGO was dispersed in DMF
with concentration of 0.2 mg/ml and filled in a 2-mm-thick
quartz cell. For comparison, we also prepared GO suspen-
sion in DMF and reduced GO (RGO) film. GO was prepared
from purified natural graphite according to a modified hum-
mer method,'? and also dispersed in DMF with concentration
of 0.2 mg/ml. GO film was first produced by a spin-coating
method using GO solution on the quartz substrate. And then,
GO film was reduced through exposure to hydrazine vapor
and succedent anneal in 1000 °C. Finally, RGO with a thick-
ness of less than twenty nanometers was obtained by reduc-
tion in GO film.

Figure 1 shows the ultraviolet-visible-near infrared (UV-
vis-NIR) absorption (a), photoluminescence (b), and Raman
(c) spectra of FGO and GO suspensions and RGO film. The
absorption increasing of GO from the near infrared to ultra-
violet is faster than that of FGO and RGO due to different
m-electron concentration and structural ordering.9 FGO
shows a broadband absorption in the whole spectral region
like RGO. For GO, localized sp® clusters are isolated by
large scale of sp® fractions and broad photoluminescence
[Fig. 1(b)] suggests a dispersion of hard gaps."* No photolu-
minescence was observed in FGO and RGO, indicating there
are little localized electronic states because of the large
scales of sp? conjugation in FGO and RGO. This is consis-
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FIG. 1. (Color online) UV-vis-NIR absorption (a), photoluminescence (b),
and Raman (c) spectra of FGO, GO suspensions and RGO film.

tent with pure graphene in which fluorescence is not existent
due to large fraction of sp? carbon atom.'*

The sharp and high G peak of FGO in Raman spectra
[Fig. 1(c)] arises from bond stretching of sp? carbon pairs in
both aromatic rings and chains. The G peak (1580 cm™') is
shifted to higher frequencies with respect to that of RGO-
film (1582 cm™') and GO (1598 c¢cm™!), implying less dop-
ing defects." High and sharp 2D peak also indicates FGO
has a better order than RGO and GO.’ The intensity ratio of
the G peak to that of the 2D peak (I5/I,p) has a good cor-
relation with the number of graphene layers present. The
Ig/Lp=2 in FGO is larger to the value for three layers
graphene (Ig/I,p~ 1.3),'® which is identical to the results of
four to five layers obtained from AFM. The ratio Ig/Ip is
related to the in-plane crystallite size, thus it is expected that
a larger ratio I/Ip should be in FGO due to its less defects
than GO. However, we found that our FGO shows a ratio
I/Ip of 1.06, smaller than that of GO (I/Ip=1.32) and
RGO (Ig/Ip=1.48). We believe that the smaller I5/I; of
FGO should be associated with the number of layers, be-
cause the D-band not only arises from disorder but also in-
creases in intensity with the number of layers.l7

Degenerate pump-probe experiment was carried out us-
ing femtosecond laser pulses from a Ti:sapphire laser ampli-
fier (1 K Hz, Spitfire, Spectra Physics) at 800 nm with the
pulse duration of 130 fs. The pump pulse was modulated at
383 Hz with the help of an optical chopper, the probe pulse
was delayed and the transmitted probe pulse was sent to one
photodiode of a balanced detector, which was connected to a
lock-in amplifier referenced to the optical chopper. The in-
tensity of pump and probe beam were 18 GW/cm’ and
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FIG. 2. (Color online) Transient differential transmission spectra of the
FGO and GO suspensions and RGO film as a function of probe delay in
degenerate pump-probe experiments at 800 nm: (a) FGO in DMF, (b) RGO
film, and (c) GO in DMF. The solid lines are fittings to mono-exponentially
decaying functions (FGO and RGO) and tri-exponential response function
(GO) convoluted with the cross correlation of the pump and probe pulses.

1.6 GW/cm?, respectively. The polarization of pump was
parallel to that of probe beam.

Figure 2 gives the transient differential transmission
spectra for the FGO and GO suspensions and RGO film. The
pump-induced change in transmission is dominated by ab-
sorption saturation in three samples, resulting in a positive
differential transmission AT/Ty=(T-T,)/T,. T and T, are
the sample transmissions with and without excitation, re-
spectively. The data was fitted using a exponentially decay-
ing function, AT/T,=2;A; exp(—=t/7), convoluted with the
cross correlation of the pump and probe pulses.

Since most fraction of sp>-hybridized domains inside
FGO remains during oxidization process and oxygen-
containing functional groups locate at the edges, the structure
of interlayer spacing inside FGO is similar to that of normal
graphite. Therefore, it is expected that in FGO there is a fast
decay time like the pristine graphene because the photoin-
duced bleaching only occurs in sp>-hybridized domains.
From Fig. 2, we can see that the decay trend of FGO and
RGO are comparable and the fast decay time 7 of FGO is
also about 0.17 ps. The result of fast decay time 7 in FGO is
in agreement with those of 0.14 ps in Ref. 5 and 0.09-0.18
ps in Ref. 7. This fast decay time of FGO is considered to
arise from carrier—phonon scattering, just like RGO. The
faster carrier—carrier scattering could be not resolved in our
experiments since its response time is within few tens of
femtosecond. The result of pump-probe measurement (Fig.
2) in FGO is consistent with our hypothesis that the oxidiza-
tion at the edges has weak influence on ultrafast carrier dy-
namics of graphene.
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FIG. 3. (Color online) Open-aperture Z-scan curves of FGO (filled circles)
and GO (open circles). The solid lines are theoretical fittings.

Compared with GO (7,=0.37 ps), in which oxidation
exist in both the surface and edge, this edge-oxidation
material FGO has shorter carrier—phonon scattering time
(0.17 ps). It can arise from the larger carrier density in FGO
than in GO. For GO, two fast time constants of 7
=0.37 ps and 1,=4.3 ps reflect the carrier intraband relax-
ation processes of carrier—optical phonon scattering and
carrier—acoustic phonon scattering. However, the major dif-
ference between the carrier dynamics in GO and FGO is the
slow third time constant of 73=67 ps, which was not ob-
served in most of reports on graphene yet. The presence of
energy band gap related to the size of the nanometer-scale
sp2 clusters in GO, leads to a slow interband carrier recom-
bination after excited in GO, so that the possible origin of 73
in GO is slow interband carrier recombination. Despite the
fact that GO has well solution processing capability, a con-
sequence of sp3-hybridized carbon by oxygen-containing
functional groups in GO is that some of unique properties of
the pristine graphene will be limited, such as the fast relax-
ation responsible that is a key parameter in the application of
ultrafast photonics. Compared with GO, graphene is more
suitable as saturable absorber in ultrafast fiber laser owin% to
its fast decay time and wideband strong IR absorbance.'

Z-scan technique was used to measure their saturable
absorption,18 and their Z-scan curves are shown in Fig. 3,
where the on-axis peak intensity is 77.5 GW/cm?. The
Z-scan curves exhibit a peak with respect to the focus,
indicating that saturable absorption exists for FGO and GO
due to photoinduced bleaching. The absorption coefficient in
the case of two-level system possessing inhomogeneously
broadened states can be written as a=ay/(1+1/15)°3,"”
where «j is linear absorption coefficient, / is laser intensity,
and /g is saturable intensity. Linear absorption coefficients of
GO and FGO in DMF at 800 nm are 0.62 cm™' and
10.6 cm™!, respectively. The solid lines in Fig. 3 are the
theoretical fits with Ig=5.5X10' W/cm? for FGO and I
=13x%10'"" W/cm? for GO. Hence, it can be seen from Fig.
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3 that FGO has stronger saturable absorption than GO. We
have checked that the pump-probe and Z-scan experiments
carried out on the pure solvent of DMF did not show any
response under the same experimental conditions.

In summary, ultrafast carrier dynamic and saturable ab-
sorption of solution-processable FGO have been demon-
strated using degenerate pump-probe and Z-scan techniques
at 800 nm. This material has not only good solution process-
ing capability but also excellent properties of the pristine
graphene owing to oxidization at the edges. This makes it a
good candidate for uses in applications of ultrafast photonics
and optical switching.
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