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I Graphene Oxide

Mechanism Studies on the Superior Optical Limiting
Observed in Graphene Oxide Covalently Functionalized
with Upconversion NaYF,:Yb3*/Er3* Nanoparticles

Tingchao He, Wei Wei, Lin Ma, Rui Chen, Shixin Wu, Hua Zhang, Yanhui Yang,
Jan Ma, Ling Huang,* Gagik G. Gurzadyan,* and Handong Sun*

The increased utilization of high power laser sources has ren-
dered great challenges for designing efficient optical limiting
(OL) materials to protect human eyes and various delicate
optical devices. An ideal optical limiter should greatly atten-
uate an intense laser beam while exhibiting high transmit-
tance for low-input optical intensity.['] Up to now, numerous
organic and inorganic materials have proved to be good
candidates for optical limiters with different working mecha-
nisms. Among them, carbon-based materials, such as fuller-
enes, carbon black, and carbon nanotubes, have exhibited
very good OL performance.[>! As a typical representative,
graphene, which consists of sp?-hybridized carbon atoms
with single-atom thickness and 2D structure, has exhibited
unique electronic, optical, and mechanical properties.[®l The
interband optical transitions in graphene are independent of
frequency over a wide range and depend only on the fine-
structure constant, thus it is naturally promising as a broad-
band optical limiter.”! Another important advantage of
graphene-based materials is that they can be easily function-
alized with organic molecules and hybridized with inorganic
nanomaterials via covalent bonding, to improve their OL
performances through the synergistic effect. For example, the
enhanced nonlinear optical properties have been reported in
porphyrin-functionalized graphene,®! organic dye ionic com-
plex,®] oligothiophene,['%] fullerene,['!l phthalocyanine,!'?!
and CdS quantum dots.[?]
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We have noticed that all the OL properties of graphene-
containing materials, usually dispersed in liquid media, have
been studied only under nanosecond excitation conditions
and the working wavelengths of the lasers used are mainly 532
or 1064 nm.I"13] However, the studies on the OL properties
of graphene-containing materials in femtosecond region and
other wavelengths are still absent. To a large extent, it may be
due to the saturable absorption behavior of graphene under
the excitation of femtosecond laser with low frequency.l'41]
Though most of the materials reported have shown good OL
behavior in the nanosecond region due to the dominance of
nonlinear scattering (NLS), they suffer from the dramatic
decrease of OL performance due to the strongly suppressed
NLS effect when fabricated into solid films or excited with
femtosecond pulse, which remains a serious obstacle for
real applications. Therefore, design and synthesis of novel
graphene-based OL materials that can work in the femto-
second pulse domain and other wavelengths region still rep-
resents a significant challenge.

Due to the long lifetime (in the order of milliseconds) of
their real metastable states, upconversion process of lantha-
nide (Er**, Yb*", and Tm?") ions doped in the lattice of NaYF,
nanocrystals after near infra-red (NIR) laser excitation,
can be nearly 10° times more efficient than the typical two-
photon absorption process observed in organic molecules.*!
Therefore, it is highly possible to synergize the NLS effect of
graphene oxide (GO) with the unique upconversion effect of
rare earth nanoparticles and develop a novel nanocomposite
working at a broadened channel for OL where the NIR exci-
tation energy can be efficiently absorbed by NaYF,:Yb*/Er3*
nanocrystals. Herein, we report the mechanisms of the supe-
rior OL effect observed from the GO covalently function-
alized with NaYF,Yb*/Er** nanoparticles (abbreviated as
GO-Er) under 800 nm femtosecond pulses (100 fs, 80 MHz)
excitation.

Figure 1la shows the UV-Vis absorption spectra of
NaYF,Yb*/Er** nanoparticles synthesized without GO
(abbreviated as NaYF,:Yb**/Er’*"), pure GO and GO-Er dis-
persed in ethanol/water solution (1/1, v/v). The absorption
peak at 229 nm is assigned to m—m* transition of the C=C
bonds in GO sample and the shoulder at 300 nm is due to the
n-m+ transition.l'’l In GO-Er solution, the absorption peak of
GO shifts from 229 nm to 276 nm, suggesting the apprearance
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Figure 1. a) UV-Vis absorption spectra of GO, NaYF,:Yb3*/Er**
nanoparticles, and GO-Er in ethanol/water solution (1/1, v/v).
b) Transmission electron microscopy (TEM) image of GO-Er
nanocomposite, and c¢) high resolution TEM (HRTEM) image of
NaYF,:Yb>*/Er** nanoparticles distributed on GO surface.

of reduced graphene oxide (rGO) which happened during
the synthesis process.’®! In addition, compared to GO and
NaYF,:Yb*/Er** nanoparticles, the absorption band of
GO-Er becomes much broader in the whole spectral region,
indicating the greatly extended n-conjugation of the nanocom-
posite in the presence of NaYF,:Yb**/Er** nanoparticles.™”]
From the TEM images of GO-Er (Figure 1b), it is obvious
to see that NaYF, Yb*/Er** nanoparticles distributed uni-
formly on GO surface, proving the formation of the uniform
GO-Er nanocomposite. In the HRTEM image (Figure 1c),
the ordered-lattice fringe of 0.32 nm corresponding to the
(111) lattice plane of NaYF,Yb*/Er3*
nanocrystals suggesting that the nanocrys-
tals on GO are in a-phase.

The measurement of the OL perform-
ances of all the materials were carried out
in a home-built optical system as shown in
Scheme 1. Using this setup, we can simul-
taneously investigate the details of both
nonlinear transmittance and NLS. More-
over, the nonlinear refraction and two-
photon absorption can also be determined
by changing the position of samples near
focus point (Z-scan measurements).”]
The detailed description of the measur-
ments can be found in experimental part.

Figure 2a shows the OL curves of
NaYF,Yb*/Er**, pure GO and GO-Er
excited under 800 nm femtosecond laser,
with 70% linear transmittance of all the

NDF: Neutral Density Filter
BS: Beam Splitter

L1,L2, L3: Lens
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samples in water/ethanol (1/1, v/v) solution. Obviously, except
for NaYF,:Yb*/Er* nanoparticles, both GO and GO-Er
show very good OL behavior. At high input power density,
the output powers are clamped at 137 and 48 mW for GO
and GO-Er, respectively. The OL threshold, defined as the
input power density at which the transmittance falls to 50%
of the linear transmittance, are determined to be 380 mW for
GO and 134 mW for GO-Er. This means GO-Er has much
better OL effect than GO. Generally, several mechanisms are
responsible for OL effect, such as NLS, nonlinear absorption
(two-photon absorption, free-carrier absorption, consecutive
two-quantum absorption by impurities/dopants, and reverse
saturable absorption) and nonlinear refraction.['21221 NLS
is reported to be the most common phenomenon for OL in
nanoparticles.[’*2%1 To confirm the contribution of NLS in
our samples, we have collected a fraction of scattered light at
a forward planar angle of 15° and shown in Figure 2b. We can
see that the scattered light intensity increased superlinearly
with the increasing input optical intensity and the onset of
the decrease of transmittance is synchronous with the growth
of the scattered light, which proves that NLS plays an impor-
tant role in the OL.

The NLS centers are comprised of two origins. One is the
formation and expansion of solvent bubbles that are induced
by the thermal energy transferred from the nanocomposite
to the surrounding solvent and will greatly scatter the inci-
dent beam and attenuate the incident radiation.”?] It has
been proved that this process is more effective under nano-
second pulse laser excitation.['] Thermal heating induced by a
single laser pulse can persist over some characteristic time ¢
As a result, when the time interval between consecutive laser
pulses is shorter than ¢, the contribution of thermal effect
increases. The time scale of this cumulative process is given
by t. = @?/4D, where w is the beam waist and D is the thermal
diffusion coefficient of the materials. Generally, the value of
D ranges from 1 x 1077 to 6 x 1077 m? s”! for organic mate-
rials.[?%] The calculated ¢, is within 1 ms, which is much larger
than the time interval between consecutive laser pulses of
12 ns used in our experiment. Therefore, the repetition rate
is high enough to cause thermal accumulation effects and
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Scheme 1. Optical configurations for the home-built experimental setup used for OL, NLS,
and nonlinear absorption measurements.
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Figure 2. a) OL response of GO, NaYF,:Yb3*/Er** and GO-Er solutions.
b) Normalized nonlinear transmission and scattered signals of GO and
GO-Er solutions. c) Open aperture Z-scan data for the measurements of
two-photon absorption coefficients in GO and GO-Er.

results in the first type of scattering centers. The second
type of scattering centers is generated by the formation and
expansion of nanoparticles vapor bubbles due to the sublima-
tion of nanocomposite.[??! This kind of scattering centers can
be formed under ultrashort laser pulse excitation with higher
power density than that used for the first type of scattering
centers. Thus the first and second types of scattering centers
should coexist in GO-Er solution.

Figure 2c shows the open aperture Z-scan curves, from
which we can obtain the two-photon absorption coefficients.
During measurement, the input laser beam was first passed
through a beam chopper with an open ratio of 1/10 and a
rotating speed of 315 rounds per second. The two-photon
absorption coefficient of GO can be negligible compared to
GO-Er, which shows strong two-photon absorption behavior.
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The solid line in Figure 2c is the theoretical fit according to
equation:

T(z,s=1)= Z[—(]“(Z, 0)]“’/(m+ 12, (qo(z. 0) < 1) 1)
where q(z,0)= Blo Lo/ (1+ 2%/ 25), Legs = [1 —exp(~aL)]/ex,
2= kwi /2, B is the two-photon absorption coefficient,
I, is the intensity of the laser beam at focal point z = 0,
L.js = [l —exp(—al)]/a is the effective thickness of the
sample, o is the linear absorption Acoefficient, and L is the
thickness of the sample.?”) In our experiment, the input power
density is 5.1 GW cm™2. From the theoretical fit, the two-photon
absorption coefficient was determined to be 0.6 cm GW!. The
large two-photon absorption should arise from the increase
of m conjugation in GO-Er due to efficient ET process, which
coexists with NLS effect to enhance the OL response.

In many cases of open-aperture Z-scan measurements, if
the detector area is not large enough compared to the size (or
transverse distribution region) of the transmitted laser beam,
the aperture effect may still be generated even without the
actual aperture being placed in front of the detector, which
could be remarkably changed due to self-focusing/defocusing
and/or thermal lensing effect.[?2] The thermal-induced nonlin-
earity arises from the temporal variation of optical parameters
(in particular, refractive index). The laser thermal effect
leads to the generation of an acoustic wave that changes the
medium density followed by a variation of refractive index.
Based on previous reports,?7?] this process is slow and can
be observed in the case of CW radiation, long laser pulses, or
in the case of high pulse repetition rate when heat accumu-
lation starts to play an important role. Considering the high
repetition rate of the laser we used (80 MHz), thermal lensing
can also happen in our experiment, which works as a nega-
tive lens, causing the incident beam to defocus and resulting
in significant energy blockage by the system aperture (finite
detector size). The schematic diagram of the thermal lensing
limiter is shown in in Figure 3a. The Z-scan measurements
can be used to confirm the existence of thermal lensing
effect. In order to avoid the electronic nonlinearity, the fre-
quency of beam chopper was set to be 10 Hz, the optical
intensity was set to be as low as 0.1 GW c¢cm™, and the linear
transmittance of the aperture was set to be 0.65. The experi-
mental data for GO and GO-Er (closed aperture Z-scan data
divided by open aperture) are shown in Figure 3b and the
solid curve is the theoretical fit.?”l The normalized transmit-
tance curves with a peak followed by a valley in GO solution
indicate that the sign of the nonlinear refraction is negative,
i.e., self-defocusing. Therefore, thermal lensing also contrib-
utes to OL behavior for GO. However, the thermal lensing
in GO-Er is negligible, which may be due to the fast heat dis-
sipation of GO-Er originated from the covalent interaction
between the two components. Therefore, it can be concluded
that OL for GO results from NSL and thermal lensing effect,
which can also be further confirmed by the observation of
large refractive-index-change induced nonlinear ring pat-
tern on the transmitted wave front, while the mechanism of
enhanced OL in GO-Er, should be due to stronger NLS and
two-photon absorption.
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Figure 3. a) Schematic diagram of the thermal lensing limiter. b) Closed
aperture Z-scan curves for GO and GO-Er in water/ethanol (1/1, v/v)
solutions.

Normalized Transmittance

To confirm whether the direct ET from Er** to GO is fea-
sible or not at 800 nm, we have investigated the OL perform-
ance of GO and the nanocomposite of GO/NaYF,:Er*, where
Yb* ions were not added. As can be seen in Figure 4, the
final output power is about 120 mW for the nanocomposite
and the corresponding OL threshold is 302 mW. Compared to
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Figure 4. OL response of GO and GO/NaYF,:Er** solutions, measured
with 100 fs and 80 MHz laser pulses at 800 nm. There are no Yb>* ions
in GO/NaYF:Er**.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T.He etal.
| = 3+
—— NaYF,:Er"/Yb (a)
3 | — GO-Er N
¥ =
S PL Intensity/20 T
2 s
5 ql.l.
s | 8
E $ s <
i - — T
r7 T &
E s ¥
L T T
A N
— 1 [l P 1 1 1 1 1 1 1 1
400 450 500 550 600 650 700
Emission Wavelength (nm)
N ET (b)
2F, .
80!
°F,,

Figure 5. a) Photoluminescence spectra of GO, NaYF,:Yb3*/Er**
nanoparticles, and GO-Erexcited by 980 nm CW diode laser. b) Schematic
illustration of PL quenching and ET process in GO-Er nanocomposite,
leading to the enhanced OL reponse.

GO, there is only slight improvement in OL performance in
GO/NaYF;Er* nanocomposite, indicating the critical contri-
bution of Yb*" ions in the nanocomposite. With the absence
of Yb*', the ET process can still occur, but at much lower effi-
ciency than that with the presence of Yb*" ions (Figure 2a).
This is reasonable because upon excitation, the electrons of
Yb* ions in GO-Er are excited to the energy levels higher
than ?Fs,, and then relax to 2Fs, (Figure 5b). Subsequently,
Yb?* ions transfer the energy to the ladder-like energy levels
of Er** ions via multiphoton process at high efficiency. As a
result, the efficiency of ET from NaYF,:Yb*/Er’* to GO is
higher than that of GO/NaYF,:Er**. This process also results
in the enhancement of 7 conjugation of nanocomposite, so
the large two-photon absorption is obtained.

As is known, Yb3* ion is a very good photosensitizer and
has resonant absorption at 980 nm,['®3031 so the ET effi-
ciency from NaYF,:Yb*/Er** to GO should be also very high
at 980 nm. Figure S5a shows PL spectra of NaYF,Yb**/Er3*
nanoparticles (synthesized without GO) and GO-Er obtained
under 980 nm CW diode laser excitation. NaYF,:Yb>*/Er3*
nanoparticles show strong upconversion PL emissions at 408,
522, 542, and 656 nm, which can be ascribed to 2Hgp—*1;5,,
Hy1 -5, *S3p-*11sp, and *Fy,—*1;5, transitions, respec-
tively. However, these emission peaks are almost fully
quenched in the GO-Er solution, which is obviously due to
the appearance of GO. This indicates that there is very effi-
cient energy transfer between GO and NaYF,Yb*/Er’*

small 2012, 8, No. 14, 2163-2168
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Figure 6. OL response and normalized nonlinear transmittance
characteristics of GO-Er in PMMA thin film.

nanoparticles. Figure 5b illustrates the excitation and ET
processes from NaYF,:Yb*/Er** to GO, which is also the
origin of the enhanced OL performance in the nanocom-
posite. There are two pathways for the PL quenching, i.e.,
photoinduced electron transfer (PET) and ET. Here GO acts
as electron acceptors and NaYF,:Yb**/Er®* acts as electron
donor in their photoexcited state, so PET and/or ET between
NaYF,: Yb**/Er** and GO could occur.’23% As is well know,
energy transfer is a distance-dependent interaction between
the electronic excited states of GO and NaYF,:Yb*/Er** in
which excitation is transferred from NaYF,:Yb*/Er’* to GO
through nonradiative dipole—-dipole coupling. For effective
occurrence of energy transfer, donor and acceptor must be
in close proximity (typically small than 10 nm). The cova-
lent bond length (or the spacing) formed between GO and
NaYF,:Yb*/Er?* is roughly estimated to be about 2.5 A, and
the short distance defined by the covalent bond enables high
efficient energy transfer between NaYF,:Yb*/Er** and GO.
To prove that the large two-photon absorption still con-
tributes to the OL effect in solid state of the GO-Er nano-
composite, we made a thin film sample by mixing GO-Er with
poly(methyl methacrylate) (PMMA) at a ratio of 2.5 wt%. In
Figure 6, we can see that the sample exhibits high linear trans-
mittance (75%) at low-input power density, displaying an OL
activity with a threshold of 253 mW while the output power
is clamped at 224 mW at high input power density. Since the
pure PMMA thin film only gives negligible OL behavior
(data not shown), we can claim that the film of GO-Er retains
strong two-photon absorption induced OL response under
femtosecond laser pulse excitation and the slight decrease of
OL is due to the weaker NLS compared to GO-Er solution.
In summary, we have investigated the OL mechanisms
of the GO-Er nanocomposite under 800 nm laser pulses
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(100 fs and 80 MHz). The combination of the enhanced
NLS and two-photon absorption, as well as the PET and/
or ET between NaYF,:Yb*/Er** and GO are responsible
for the superior OL behavior. Due to the large two-photon
absorption, superior OL behavior in GO-Er is also expected
in thin-film samples under the excitation of nanosecond
and low-repetition-rate femtosecond pulses. This synergistic
effect of the OL mechanisms has provided deep insight for
designing new generation OL materials that can work at
extended laser wavelengths and pulse domain.

Experimental Section

Materials Synthesis: The nanocomposites have the chemical
composition of NaYF,:Yb>*/Er**, which are typical lanthanide-
doped nanoparticles with unique energy upconversion capability
and are expected to be used for OL devices in the near-infrared
region. The sizes of NaYF,:Yb3*/Er®* nanoparticles vary between
17 to 35 nm with cubic phase. The GO-Er nanocomposites are pre-
pared via a typical solvothermal synthesis method. GO (100 mg)
was mixed with Y(NO,);-6H,0 (147 mg), Yb(NO5);-5H,0 (45 mg),
Er(NO;)5-5H,0 (6.6 mg) and NaF (84.0 mg) in absolute ethanol
(40 mL). The mixture was sonicated for 30 min and stirred for
another 30 min. The solution was then transferred to a Teflon-lined
stainless steel autoclave (50 mL) and heated at 170 °C for 8 h.
After cooling down to room temperature, the product was isolated
by centrifugation, and was subsequently washed with distilled
water and ethanol for several times, and dried at 60 °C. Since GO
is rich of carboxylic and hydroxyl groups, it can coordinate with
rare earth ions to form a complex, whose principle has been well
studied previously.37!

OL Measurement: The measurements were performed under
the excitation of 800 nm laser pulses (100 fs and 80 MHz). The
solutions were contained in 1 c¢m thick quartz cells and were
adjusted to have a linear transmittance of 70% at the measured
wavelength. The laser beam is split into two parts: reference beam
(detector 1), and the excitation beam, which is focused into the
center of the solution using a 10 cm focal length lens. The beam
size at the focus is calculated to be about 16 um in radius. The
transmitted beam from the solution is slightly focused onto
detector 2 by a lens. In this case, the scattering light and defo-
cusing beam induced by thermal-lensing effect at large angle with
respect to z axial can not be detected. For the measurement of
NLS, a third lens is place at 30° with respect to z axial to collect the
scattered light (read out by detector 3). To measure the nonlinear
absorption, a fourth detector and a focusing lens with detecting
areas much larger than the transmitted beam size was used and
placed near the sample (detector 4).
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