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We report a simple solution-processed method for the fabrication of low-cost, flexible optical limiting materials
based on graphene oxide (GO) impregnated polyvinyl alcohol (PVA) sheets. Such GO–PVA composite sheets dis-
play highly efficient broadband optical limiting activities for femtosecond laser pulses at 400, 800, and 1400 nm
with very low limiting thresholds. Femtosecond pump–probe measurement results revealed that nonlinear ab-
sorption played an important role for the observed optical limiting activities. High flexibility and efficient optical
limiting activities of these materials allow these composite sheets to be attached to nonplanar optical sensors in
order to protect them from light-induced damage. © 2015 Chinese Laser Press
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1. INTRODUCTION
Nonlinear optical materials (optical limiters and saturable
absorbers) play a significant role in the field of optics owing
to their unprecedented ability to modulate lasers pulses. Over
the past decades, significant research efforts have been de-
voted to the development of broadband optical limiting mate-
rials and related devices. Good optical limiting materials
generally exhibit high transmittance at low input intensities
but can attenuate intense laser pulses. Such materials are im-
portant for protecting human eyes and sensitive detectors
from damage by high-intensity light beams. Effective optical
limiting behaviors have been observed in various nanomate-
rials such as carbon nanotubes (CNTs) [1,2], fullerenes [3],
quantum dots [4], and noble metal nanoparticles [5,6]. It was
recently found that suspensions of two-dimensional material
such as graphene [7,8], hydrogen exfoliated graphene [9],
graphene oxide (GO) [10,11], and their composites with other
materials [12–17] exhibited broadband optical limiting proper-
ties. In 2011, Lim et al. [15] reported a giant broadband non-
linear optical response for nanosecond laser pulses on
functionalized GO nanostructure dispersion. Very recently,
Liaros et al. also demonstrated broadband near infrared opti-
cal power limiting behaviors of few layered GO dispersed in
different organic solvents under nanosecond laser pulses [18].

Nonlinear scattering and nonlinear absorption are two pos-
sible mechanisms responsible for optical limiting behaviors
[3,6,10,19]. Most of the reported optical limiting studies were
performed on nanomaterials dispersed in different solvents, in
which solvent microbubbles-induced nonlinear scattering at
higher intensities played an important role [1,3,5]. Thin film

materials are more convenient to use but generally display
strong saturable absorption [8,20]. For example, although
suspensions of metal nanoparticles [5,6], graphene, and
graphene–polymer composites [20–23] showed strong broad-
band optical limiting activities, their thin films generally exhib-
ited strong saturable absorption behavior [8,20,24–27]. One
major challenge is fabrication of stable and flexible thin film-
based optical limiting devices for practical applications.
Flexible and low-cost materials that exhibit high broadband
nonlinear absorption are ideal choices. Previously, we have
demonstrated that spin-coated GO thin films on glass or plas-
tic substrates exhibited tunable broadband optical limiting
response for femtosecond laser pulses, and the nonlinear op-
tical response of GO could be tuned from nonlinear absorp-
tion to saturable absorption by partial reduction of GO [28].
However, these spin-coated GO films have a few drawbacks.
First, GO tends to be reduced into reduced GO easily under
normal light in the long run. Secondly, a significant amount of
GO solution was wasted in the spin-coating process. Thirdly,
the interaction of GO with glass or plastic surface is not very
strong, which may result in the detachment of GO from the
surface. Herein, we demonstrated a simple method for fabri-
cation of flexible nonlinear optical films by impregnating GO
into polyvinyl alcohol (PVA) polymer sheets using a solution-
processing method. The prepared GO–PVA composite sheets
have been characterized by ultraviolet–visible–near-infrared
(UV–Vis–NIR) transmittance, Raman spectroscopy, and
atomic force microscopy (AFM). Broadband optical limiting
properties of as-prepared flexible GO–PVA sheets made of
different GO/PVA weight ratios have been investigated by
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femtosecond Z-scan measurements at 400, 800, and 1400 nm.
We have found that these flexible GO–PVA sheets exhibited
excellent optical limiting properties. Femtosecond pump–
probe results suggest that nonlinear absorption (excited state
absorption or multiphoton absorption) of GO play an impor-
tant role in the observed strong optical limiting activity.

2. PREPARATION OF GO-PVA SHEETS
GOwas prepared by oxidative exfoliation of graphite using the
Hummers and Offeman method [29]. The details of the synthe-
sis procedures have been reported elsewhere [28]. After the
exfoliation, GO sheets were purified several times in a
water/ethanol mixture and finally dispersed in water with a
concentration of 0.5 mg/mL. The AFM image of GO sheets
showed that they were polydisperse, with size ranging from
300 nm to several micrometers [Fig. 1(a)]. GO was incorpo-
rated into flexible and transparent PVA sheets by a solution-
processing method as shown in Fig. 1(b). Briefly, a 1 mL GO
solution (0.5 mg/mL) was mixed with 10 mL of PVA solution
(200mg/mLPVA solutionwasprepared by stirring PVApowder
inwater for 12 h at 80°C, weight ratio of GO∶PVA � 0.00025∶1)
in a sample vial and then the mixture was poured into a Petri
dish. The GO–PVA mixture in the Petri dish was dried by heat-
ing at 40°C overnight to obtain GO–PVA sheets by peeling off
from thePetri dish. GO–PVAsheets of differentGO/PVAweight
ratios were prepared by using a similar procedure. The pre-
pared GO–PVA sheets have thickness of ∼480 μm using the
same amount of PVA. The impregnation of GO into PVA sheets
have several advantages over drop casting or spin-coating
methods in terms of uniformity and reduced wastage of the
materials [15,28]. The prepared GO–PVA sheets with different
concentrations of GO have been characterized by UV–Vis–NIR
transmittance and femtosecond nonlinear transmittance
measurements.

3. RESULTS AND DISCUSSION
Figure 2(a) shows the UV–Vis–NIR transmittance spectra of
flexible GO–PVA sheets with different GO/PVA weight ratios.
Similar to glass, a pure PVA sheet shows high transparency in
thewavelength ranges from400 to 900 nm. TheGO–PVA sheets

exhibit high transparency in the infrared regionwhile the trans-
mittance gradually decreases toward the UV region. As de-
picted in Fig. 2(a), the transmittance of the GO–PVA sheets
decreases with increasing GO amount in PVA sheets. The op-
tical properties of GO–PVA sheets are quite similar to GO films
on glass substrates [15,28]. However, impregnation of GO in-
side thePVApolymermatrix inGO–PVAsheets helps toprotect
the GO from the outside environment considering the fact that
GO can be easily reduced if exposed to the sunlight or reducing
chemical vapors [28]. The Raman spectra of GO before and
after the impregnation into PVA matrix are shown in Fig. 2(b).
GO sheets exhibited two characteristic bands at 1354 and
1595 cm−1, corresponding to D (local defect band created by
hydroxyl and epoxide groups on carbon plane) andG (E2g pho-
nonmode of sp2 carbons) bands, respectively. The ratio of D/G
increased from 0.73 to 0.92 after the incorporation of GO into

Fig. 1. (a) AFM image of the as-prepared GO nanosheets. (b) Solution-processed preparation of flexible GO–PVA sheets by impregnating GO into
PVA matrix and its bright field imaging. The inset is the schematic representation of GO–PVA sheets.

Fig. 2. (a) UV–Vis–NIR transmittance spectra of GO–PVA sheets
prepared with different GO/PVA weight ratios. (b) Raman spectra
of GO before and after the impregnation into PVA sheet.
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PVA matrix, which might be attributed to the strong inter-
actions of hydroxyl groups of GO with PVA.

The nonlinear optical properties of prepared GO–PVA
sheets have been investigated by using an open-aperture fem-
tosecond Z-scan technique. The details of the experimental
setup have been reported before [6,28]. Briefly, femtosecond
laser pulses at 800 nm with pulse duration of 100 fs and
repetition rate of 1 kHz were focused onto GO–PVA sheets,
which were moved toward and away from the focus by using
motorized translational stage to study the excitation fluence
dependent transmission of GO–PVA sheets. Similar Z-scan
measurements were also performed with femtosecond laser
pulses at 400 nm, which were generated by focusing 800 nm
laser pulses into a frequency doubling crystal. Figures 3(a)
and 3(b) show the excitation fluence-dependent normalized
transmittance of GO–PVA sheets at 400 and 800 nm, respec-
tively (weight ratio of GO∶PVA � 0.0025∶1). As depicted in
Fig. 3(a), the normalized transmittance at 400 nm decreased
as the sample moved toward the focus (Z � 0) at all excitation
fluences. Such observation is quite interesting despite the fact
that GO–PVA sheets have high linear absorption at 400 nm.
Usually materials with high linear absorption exhibit saturable
absorption at low excitation fluences due to ground-state
bleaching. However, in the present case, we did not observe
saturable absorption even at very low fluences at 400 nm ex-
citation. This means that these GO–PVA sheets exhibit very
high nonlinear absorption at 400 nm, which dominates the
ground-state bleaching signal. However, in the case of 800 nm
excitation [Fig. 3(b)], the normalized transmittance increased
as the sample moved toward focus at low excitation fluence,
which indicates saturable absorption occurred at low
excitation fluence. As the excitation fluence increased, the
Z-scan signals showed reverse saturable absorption. We have
also performed Z-scan measurements on PVA sheets alone
and they do not exhibit any optical limiting activity.

The UV–Vis–NIR transmittance spectra and their optical limit-
ing activities remained unchanged for at least half a year,
indicating that PVA sheets protect GO from the environment
to make these materials remarkably stable.

Figures 3(c) and 3(d) show the excitation fluence-
dependent normalized transmittance of GO–PVA sheets (dif-
ferent GO/PVA weight ratios) at 400 and 800 nm, respectively,
which were extracted from the corresponding Z-scan results.
The results show that the transmittance of GO–PVA sheets at
both 400 and 800 nm decreased with the increasing input
fluence, exhibiting broadband optical limiting activity. We
have also performed the Z-scan measurements on pure PVA
film alone and compared to the optical limiting properties of
GO–PVA sheets. The results show that pure PVA sheets
exhibit saturable absorption under 400 nm excitation due to
ground-state bleaching of PVA. UV–Vis–NIR transmittance
measurements [Fig. 2(a)] indicated that both GO and PVA
have significant linear absorption at 400 nm. The fact that
composite sheets exhibit optical limiting activity confirms
the strong nonlinear absorption of GO at 400 nm. Under ex-
citation at 800 nm, pure PVA alone does not show either satu-
rable absorption or nonlinear absorption. There is thus no
influence of PVA on the optical limiting properties of GO at
800 nm. The optical limiting thresholds (F50, the incident flu-
ence at which the transmittance falls to 50% of the linear trans-
mittance) and optical limiting onsets (Fon, the input fluence
where the transmittance starts to decrease) of GO–PVA sheets
with different amount of GO are summarized in Table 1. The
optical limiting thresholds of GO–PVA sheets at both 400 and
800 nm decreased with the increasing amount of GO in PVA
matrix. The F50 values of GO–PVA sheets are lower than the
previously reported values for different materials. [6,30]

We have also tested the optical limiting properties of a
GO–PVA sheet (GO∶PVA � 0.0025∶1) at 1400 nm by using the
Z-scan measurements (Fig. 4). The results showed that the

Fig. 3. Open aperture Z-scan results of a GO–PVA sheet (GO∶PVA � 0.0025∶1) at (a) 400 and (b) 800 nm under different excitation fluences.
Optical limiting response of GO–PVA sheets of different GO/PVA weight ratios under femtosecond laser pulses at (c) 400 and (d) 800 nm,
respectively.
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GO–PVA sheets also showed reverse saturable absorption
behavior at 1400 nm. The optical limiting performance at
1400 nm is poorer than that at 800 nm.Basedon these nonlinear
absorption coefficients obtained from the Z-scan results, Fon

and F50 values were estimated to be 4.5 and 102 mJ∕cm2,
respectively. Furthermore, Z-scan results of the sample after
exposure to 38% and 85% humidity environments for more
than 24 h showed similar performance, indicating their good
resistance to the moisture environment.

It has been previously reported that nonlinear scattering
plays an important role in the optical limiting properties
of GO and GO–polymer composite suspensions [10,22].
Recently, we and several groups proposed that high nonlinear
absorption of GO responsible for their strong optical limiting
effects [18,28]. To study the mechanism responsible for the
observed optical limiting of GO–PVA sheets, we have

performed degenerate pump–probe measurements on the
GO–PVA film with both pump and probe wavelength at
800 nm. Figure 5 shows the transient decay kinetics of GO–
PVA sheets after excitation with different fluence. With low
excitation fluence (69 μJ∕cm2), GO–PVA sheets exhibited
very small photo-induced bleaching signals (�ΔT∕T) at short
times, which disappeared quickly within the laser pulse dura-
tion, and then the signal became negative, indicating that
photo-induced absorption (−ΔT∕T) occurred. However, at
high excitation fluence (150 μJ∕cm2), the signal was com-
pletely dominated by photo-induced absorption, indicating
nonlinear absorption of GO at high excitation fluence. The
positive and negative pump–probe signals of GO arise from
the sp2 and sp3 domains of GO sheets, respectively [28,31].
Our pump–probe results further support the nonlinear absorp-
tion behaviors of GO that was observed in fluence-dependent
Z-scan measurements at high excitation fluence. The photo-in-
duced absorption decays can be well fit with a tri-exponential
decay with time constants of τ1 � 230 fs (30%), τ2 � 2.5 ps
(45%), and τ3 � 25 ps (25%). It was observed that the decay
time constants were independent of pump fluence. Time con-
stants τ1, τ2, and τ3 are attributed to the electron–electron
scattering, carrier-acoustic phonon scattering, and interband
carrier recombination of quasi-fluorescent π-conjugated sp2

clusters in GO sheets, respectively. The observed nonlinear
absorption of GO is likely attributed to the excited-state ab-
sorption and multiphoton absorption of broad range of
quasi-molecular fluorophores present in the GO sheets [28].

4. SUMMARY
In summary, here we report a simple method for fabrication of
low-cost, flexible, highly stable, and efficient optical limiting
devices by impregnating GO into PVA polymer sheets by using
a solution-processing method. Such flexible GO–PVA sheets
exhibited strong broadband optical limiting activity with very
low optical limiting thresholds. The optical limiting thresholds
are much lower than many previously reported materials.
Their linear and nonlinear optical properties can be tuned
by varying the amount of GO in PVA matrix. Femtosecond
pump–probe measurements performed on GO–PVA sheets
further support that nonlinear absorption including excited
state absorption and multiphoton absorption played an impor-
tant role in the observed optical limiting activities of GO–PVA
sheets. Such stable and flexible optical limiting devices open
doors for their practical applications as they can be attached
to any optical glasses or sensitive optical detectors to protect
them from intense light-induced damage. Such simple

Table 1. Linear Transmittance (T), Optical Limiting Onsets (Fon) and Thresholds (F50) of GO–PVA Sheets with

Different Weight Ratios at 800 and 400 nm

800 nm 400 nm

Sample
Linear

Transmittance
Optical Limiting

Onset
Optical Limiting

Threshold
Linear

Transmittance
Optical Limiting

Onset
Optical Limiting

Threshold

Weight ratio
(GO∶PVA) T [%] Fon [mJ · cm−2] F50 [mJ · cm−2] T [%] Fon [mJ · cm−2] F50 [mJ · cm−2]

0.00025∶1 97 4.0 73 63 3.7E − 02 98
0.0005∶1 88 3.1 60 33 3.4E − 02 27
0.001∶1 79 2.4 48 20 3.3E − 02 7.7
0.0025∶1 40 2.2 40 2 2.7E − 02 1.6

Fig. 4. Open aperture Z-scan results of a GO–PVA sheet
(GO∶PVA � 0.0025∶1) at 1400 nm under excitation fluence of
68 mJ∕cm2. This sample was kept in the different moisture conditions
for more than 24 h before test.

Fig. 5. Excitation fluence dependent ultrafast relaxation dynamics
of GO–PVA sheet (GO∶PVA � 0.0025∶1) measured by femtosecond
pump–probe technique. Inset shows the normalized data on a shorter
time scale.
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processing method could also be applied to fabrication of flex-
ible saturable absorbers by impregnating reduced graphene or
pristine graphene into polymer matrices for laser mode-lock-
ing applications.
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