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The band structure of graphene can be adjusted by incorporating other elements or functional groups, correspondingly
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the response to external light field will also be changed. In this paper, we researched the nonlinear optical (NLO) responses
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of N-doped graphene nanosheets (N-Gns) with open aperture Z-scan method, under the excitation of pico-second laser

pulses. As we have known, this is the first time that the two-photon absorption (2PA) of N-Gns was reported. The

normalized nonlinear transmission demonstrates that with the increasing of excitation energy the saturable absorption (SA)

and the 2PA appear successively. Compared to the 532 nm excitation, the 1064 nm excitation exhibits smaller saturable

intensity /s and larger 2PA coefficient 8. At the same time, the N-Gns present superior NLO property compared to the pure

graphene. Consequently, N-Gns will be a promising candidate for SA or optical limiting (OL) applications.

Introduction

Owing to the rare and precious properties, such as high optical
transparency, flexible mobility, excellent elongation and thermal
conductivityl's, graphene opened a new nano-world since it was
first exfoliated from graphite in 2004°, Strong intra-layer covalent
bonding and weak inter-layer van der Waals interaction allow
graphene to form a tough two-dimensional (2D) nanostructure. Due
to the unique band structure where the conduction band and the
valance band meet at the Dirac point, carbon-based graphene
exhibits a number of remarkable optoelectronic properties, which
have potential applications in electronics, optics, magnetic,
biomedicine, energy storage and other domains. In the past, a large
number of works have devoted to the electronic properties of
graphenes’ > 6'9, until recent several years people began to pay
attention to the optical properties of graphenel’ 9, particularly, the
NLO characteristics of graphenew'u. The SA™ ™ and OL effects’™*?
over a broad waveband (from visible to infrared) have been found
in graphene. The SA is the consequence of Pauli Exclusion Principle.
When the excitation energy reaches to the saturation intensity, the
photo-excited carriers are saturated and the remaining excitation
photons can transparently transmitted, i.e. these photons will not
be absorbed. Utilizing this property, graphene can serve as the
passively saturable absorber in Q-switched or mode-locked lasers™
'8 The mechanism of OL effect comes from reverse saturable
absorption (RSA), multi-photon absorption,
absorption (FCA). Utilizing the OL effect of graphene, new laser
protecting technology for sensitive optical components and human

and free-carrier
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eyes can be developed in the future.

Nevertheless, the intrinsic zero band gap structure™® of
graphene brings many limitations for electronic and photonic
applications. Doping is an effective method to adjust the band gap
and tailor the optoelectronic properties of graphene. Recently,
some doped graphenes such as graphene-polymer”,
graphene/ZnOm, NH, functionalized graphenelg, graphene-
porphyrin composites20 have been reported successively. In 2009,
the N-Gns were firstly synthesized by chemical vapor deposition
(CVvD) method?’. The doping of N atoms opens the intrinsic zero
band gap structure of graphene and leads to a semiconductor like
transition, which greatly expands the applications. In this paper, the
NLO properties of N-Gns were researched by the Z-scan technique
of pico-second pulse lasers. For the first time the OL behavior of N-
Gns was observed. The results indicate that N-Gns is an excellent
NLO material for SA and OL applications.

Characterization

The original powder was brought from Nanjing XFNANO
Materials Tech Co. Ltd. of China. It was synthesized by the CVD
method21'23, based on the oxidation-reduction reaction of graphene
oxide and ammonia gas. The electrical conductivity was over 1000
S/m, and the nitrogen content was 3.0-5.0 at.%. To detect the size
and the thickness of N-Gns, an atomic force microscopy (AFM)
measurement was carried out. The appropriate powder was
dissolved in ultrapure water. In order to enhance the dissolution of
the sample, surfactant Polyvinylpyrrolidone (PVP) was added with
eight times content of the N-Gns. After ultrasound treatment of
two hours at a power of 300 W, the dispersion liquid was prepared
completely. A part of the dispersion liquid was stored in a quartz
colorimetric utensil of 2 mm thickness for NLO experiment. The rest
part was dropped on a pre-cleaned quartz substrate, and placed in
a vacuum device at room temperature to get rid of the residual
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solvent, as the sample of basic properties measurement. Figure 1
shows the AFM image (left) and the thickness profiles (right) of the
representative deposited N-Gns. The results reveal that most of the
N-Gns have the radial dimension of a few hundred nanometers.
About 80% of the N-Gns have the thicknesses of 5 nm or so.
Considering the aggregation effect during the preparing process of
AFM sample including deposition and drying, the actual thicknesses
of N-Gns in dispersion might be less than 5 nm, which indicates that
the powder consists of 1~5 atomic layer graphene nanosheets.

The result of X-ray photoelectron spectroscopy (XPS) confirms
the doping of nitrogen, as shown in figure 2. The concentration of

RSC Advances

nitrogen was calculated to be 1.6 at.%. In the manufacturing
process, some oxygen element was remained in the sample which
was 7.0~7.5 at.% due to the incomplete reduction reaction, so the
O 1s peak around 532.0 eV was observed (Figure 2a). The other
peaks at 284.7 and 399.5 eV derived from C 1s of sp2 Cand N 1s of
the doped N, respectively. The N 1s peak (Figure 2b) consists of
three peaks, which indicates that the N atoms exist in graphene in
the way of three different bonding structures. According to the
referenceu, the peaks at 398.2 and 399.5 eV originate from the nt
conjugated system of N atoms and the difference is the number of
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Figure 1 Typical AFM image (left) and thickness profiles (right).
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Figure 2 (a) XPS result of N-Gns. (b) N 1s spectrum, (c) C 1s spectrum, (d) O 1s spectrum. The N 1s peak can be split to three Lorentzian
peaks at 398.2, 399.5 and 401.1 eV, which are labeled by red, green, and purple dashed lines. The C 1s peak can be split to two Lorentzian
peaks at 284.7 and 285.7 eV, which are labeled by red and green dashed lines. The O 1s peak can be split to two Lorentzian peaks at 531.0

and 533.6 eV, which are labeled by green and red dashed lines.
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Figure 3 Raman spectrum of the N-doped graphene.

p-electrons (corresponding to one and two p-electrons, respectively)
contributed to the 1 system. The peak at 401.1 eV comes from the
substitution of honeycomb C atoms in graphene. The C 1s spectrum
(Figure 2c) is composed of two Lorentzian peaks. The stronger peak
at 284.7 eV corresponds to the sp2 C-C band itself, which reflects
the honeycomb lattice structure of the pure graphene. The peak at
285.7 corresponds to the sp2 C-N, which originates from the
substitution of N atoms or the defects of the N-Gns. As shown in
Figure 2d, the O 1s peak can be split into two Lorentzian peaks. The
stronger peak at 533.6 eV comes from the sp2 C-O bond and the
weaker peak at 531.0 eV dues to the combined actions of C=0, O-
C=0 and 0-CO-O bonds™.

The Raman spectrum of N-doped graphene was shown in figure
3, which was much similar to those reported by Anand et al.® The N
doping creates a large amount of topological defects, and the sp2 C
of these defects induces the much stronger D band Raman peak at
~1330 cm'l, on the contrary for the pure graphene this peak is very
faint.”> So the obvious D band Raman peak in Fig. 3 reflects the

effective N doping and the increasing of lattice disorder. The G band
Raman peak is at 1584 cm™, which is identical to the pure graphene.

NLO experiment

The open aperture Z-scan technique was used to investigate
the NLO properties of the as-prepared N-Gns dispersion liquid. As
mentioned above, appropriate surfactant PVP was added to
enhance the dissolution of the sample. The dispersion was stored in
a quartz colorimetric utensil with 2 mm thickness. Figure 4 displays
the experimental setup with 1064 and 532 nm laser excitations. The
laser resource was a dye mode-locked Nd:YAG laser operating at
1064 nm, 40 ps pulses, with 10 Hz repetition rate. A KTP crystal was
used to generate the frequency doubling laser of 532 nm with a
pulse width of 30 ps. The flat mirror M, served as the filter of the
fundamental laser, which was highly transmitted at 532 nm (T>80%)
and highly reflective at 1064 nm (R>99.5%). The focal length of the
convex lens is 30 cm.

Figure 5 was the measurement results for 1064 and 532 nm
excitations. The sample exhibited SA behavior (single photon
absorption) when the excitation energy was weak. Under high
excitation energy, with the increasing of excitation intensity, the
single photon absorption (1PA) became saturated and the two
photon absorption (2PA) followed behind. When the excitation
energy increased further, the OL effect became more significant. In
Z-scan experiment, the reducing of normalized linear transmittance
which was induced by OL effect could be defined as “OL depth”.
Thus, the OL depths were 32% at 1064 nm, 6 W excitation, and 63%
at 532 nm, 12 W excitation, as shown in figure 5. The SA threshold
at 1064 nm excitation was 4.1 mJ/cmz, which was much lower than
the value at 532 nm excitation (8.5 mJ/cmz). The relatively weaker
SA threshold indicates the superiority as saturable absorber at
infrared waveband. As the reference, no NLO effects were observed
from the PVP water solution without N-Gns.
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Figure 4 Open-aperture Z-scan experimental setup with 1064 and 532 nm laser excitations.
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The inserts of Figure 5 display the schematic diagrams for the
energy level transitions of 1PA and 2PA in N-Gns. The SA effect is
the consequence of 1PA process. Under the excitation of external
laser, the electrons jump to the conduction band from the valence
band, and subsequently cooled down in the constraint of the Pauli
Exclusion Principle. When the incident intensity reaches the
saturation intensity, the photo-carrier intensity is saturated and the
remaining photons will transparently pass through, i.e. these
photons will not be absorbed. As shown in the inserts of Figure 5, to
achieve the SA effect, the long-wavelength photon excitation
requires a lower intensity to fully fill the lower energy levels
compared to a short-wavelength photon excitation. When the
excitation energy is increased further, two excitation photons
tangle together and the electrons are stimulated into much higher
energy levels. Accordingly, the transmittance declined rapidly. From
the inserts of Figure 5, it can be seen that for 2PA the long
wavelength excitation of 1064 nm corresponds to smaller energy
band volume, compared to the short wavelength excitation of 532
nm. It means that the 2PA of 1064 nm excitation corresponds to
fewer energy levels, i.e. fewer absorbed photon numbers. The small
single photon energy and few absorbed photon numbers lead that
the 2PA threshold of 1064 nm excitation is obviously lower than
that of 532 nm excitation, at the same time the 2PA adjusting depth
of 1064 nm excitation is smaller, which agree to the experimental
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results demonstrated in figure 6. From this figure it can be seen that
for each excitation there are three different NLO stages. For 1064
nm excitation (figure 6a), when the excitation energy varies from
4.1to 12.6 mJ/cmZ, the SA is the dominated NLO effect. When the
excitation energy is in the range of 12.6 — 33.9 mJ/cmZ, the SA and
the OL effects co-exist. When the excitation energy exceeds 33.9
mJ/cmZ, the OL behavior becomes the main NLO effect. For 532 nm
excitation, these three stages correspond to the excitation energy
of less than 34.0 mJ/cmZ, in the range of 34.0 — 69.8 mJ/cmZ, and
beyond 69.8 mJ/cmZ, respectively (Figure 6b). In Fig. 6, we used the
transmittance variation of 1% as the distinguishing criteria of
different stages. When the transmittance increased to 101% of the
starting linear transmittance value 1 and hereafter continued to
increase, we set the corresponding energy fluence as the SA
threshold. When the transmittance decreased to 99% of the highest
transmittance, the corresponding interval range of energy fluence
was set as the coexistence region of SA and OL. And then the SA
region and OL region could be determined. The experimental
results illustrate that by appropriately controlling the laser energy
density N-Gns can be selected to be the SA material or the OL
material. The former can be used in passively mode-locking and Q-
switching, and the latter can be used to protect human eyes or
sensitive optical components from laser-induced damage.
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Figure 5 Open-aperture Z-scan results of N-Gns dispersion with excitation wavelength at (a) 1064 and (b) 532 nm. (The discrete points are
experimental data, and the solid lines are the fitted curves). Inserts: schematic diagrams for the energy level transitions of 1PA and 2PA in

N-Gns.
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Figure 6 Three different NLO stages including SA and OL behaviors with excitation at (a) 1064 and (b) 532nm.

Discussion.

The normalized transmittance in the Z-scan measurement can be
expressed by equation 1, where a and a, are the total and linear
absorption, respectively, and / is the sample length. The same linear
absorption coefficient a, of 2.23 cm™ was measured for both of
1064 and 532 nm. The excitation intensity /(z) is determined by the
peak intensity /, at z = 0, the Rayleigh length z, of the beam and the
position z of the sample (equation 2). For a system in which SA and
2PA co-exist'” 26, the total absorption afl) can be described by
equation 3, where 8 is the 2PA coefficient and [, is the saturable
intensity, defined as the optical intensity when the optical
absorbance is reduced to one half of its unbleached value. The first
and the second terms on the right side of equation 3 represent the
SA and the 2PA, respectively. Combining with equations 1-3, the
normalized transmittance can be expressed as equation 4, which is
used to fit the Z-scan experimental data.
T=(1-al)/(1-a)) (1)

I(z):IU/(1+zz/zj) 2)

%y

l)y=—"—+
@) 1+1/1,

B
3)
a,ll

: )7,8101/(1+zz/zg)]/(lfaol)

I=-——"F7>"""————
I +1,/(1+z"/z

(4)

The theoretical fitting curves were plotted in figure 5 along
with the experimental points. It can be seen that they present
perfect agreements. For 1064 nm excitation, the saturable intensity
I, and the 2PA coefficient J are fitted to be 0.35 GW/cm” and 0.76
cm/GW, respectively. For 532 nm excitation, /s and S are fitted to be
0.87 GW/cm? and 0.46 cm/GW, respectively. The lower /; at 1064
nm excitation indicates that long wavelength laser (such as infrared
light) can easily realize the SA in N-Gns, which can be used in
passively mode-locked lasers. This property is hopeful to change the
current research situation of solid-state lasers, i.e. the infrared laser

This journal is © The Royal Society of Chemistry 20xx

(particularly the far infrared laser) is difficult to reach high energy
output” 2. At the same time, the 2PA coefficient B of N-Gns
changes larger as the wavelength increases, which implies excellent
sensitivity and good OL effect for infrared laser. In many previous
literatures on two-dimensional materials, the § at 1064 nm is often
smaller than that at 532 nm. While there were also some contrary
examples which were consistent with the present result, such as
functionalized multilayer graphene (f6)%, graphene nanoribbons
(GNRs) and graphene oxide nanoribbons (GONRS)H. We speculate
that the relative magnitude of B at different wavelengths will be
related to the content of N. As introduced at the beginning of the
“Characterization” part, we only have one kind of N-Gns sample at
hand. Maybe in the future more abundant results about B at
different wavelengths could be obtained, when more samples with
different N contents are available.

For 1064 and 532 nm excitations, the absorption cross-section
o (o0 = hwB/N,, where hw is the excitation photon energy and N, =
5x10% em™ is the density of N-Gns sample in the ultrapure water)
are calculated to be 2.8x10™* and 3.4x10™* cm4‘s'photon'1. They are
comparable to the value of double-decker Pr[Pc(OCgH;;)g], rare
earth complex3°. In addition, we measured nonlinear transmission
of the pure graphene under the same experimental conditions. For
1064 and 532 nm excitations, the N-Gns has exhibited stronger NLO
effects, as shown in Figure 7. Under the present experimental
conditions, we didn’t observed obvious SA phenomenon from pure
graphene. Although it has been a well-known property of graphene,
some previous open Z-scan experiments of graphene have not
observed SA phenomenon, either’ 3*3. The reason might come
from the experiment condition, sample concentration, and the
quality of graphene. The fitted 2PA coefficient of pure graphene is
0.59 and 0.40 cm/GW at 1064 and 532 nm, which are smaller than
the values of N-Gns (0.76, 0.46 cm/GW). As demonstrated in the
inset of figure 7, the doping of N atoms in graphene opens the zero
band gap and decreases the energy band vqumeZl, corresponding
the threshold of nonlinear absorption is reduced. The experiment
proves the superiority of N-Gns for NLO applications.

J. Name., 2013, 00, 1-3 | 5
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Figure 7 Nonlinear transmissions of pure graphene and N-Gns under the same energy excitations of 6 W at 1064nm (left) and 12 W at 532

nm (right). (The points are the experimental data, and the solid lines are the fitted curves). Insert: schematic diagram for the energy level

transitions of pure graphene and N-Gns.

The imaginary part of the third-order NLO susceptibility, Im)(m,
is directly related to the 2PA coefficient 8. Their relationship can be
expressed as

2 2

Imy®=—"_ gm/w
d 240*ﬂ2wﬁ( )

(5)
where c is the light speed in vacuum, n, is the linear refractive index
and w is the angular frequency of the excitation light. The figure of
merit (FOM) for the third-order optical nonlinearity is defined as
FOM = /Im)(B)/aa/. Referencing above results, Im)(B) and FOM of N-
Gns are calculated to be 1.30x10"® m3(sW)'1, 5.8 x 10" m4(sW)'1 for
1064 excitation, and 1.57 x 10" m*(sw)™, 7.0 x 10" m*(sw)™ for
532 nm excitation, respectively.

Conclusion.

For N-Gns which consist of 1~5 atomic layers, the XPS
measurement confirms the existence of N atoms, which exhibits
three different bond An open-aperture Z-scan
equipment is adopted to detect the NLO properties, including SA
and OL effects at different excitation wavelengths and energies. By
comparison, the NLO characteristic of N-Gns is proved to be
superior to that of pure graphene. It indicates that the N-Gns will be
a good substitute to the pure graphene in optoelectronic field,
especially for NLO applications.

structures.
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