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G
raphene exhibits unique optical
and electrical properties, and since
its discovery in the early 2000s,

graphene has been studied extensively.1,2

Its peculiar properties make it a unique
material for a variety of applications such
as field-effect transistors,3 nonlinear recti-
fiers,4 supercapacitors,5 filter membranes,6

biomedical sensors,7 and touch screens.8

The massless quasiparticle states in gra-
phene open up newways to study quantum
relativistic phenomena.9,10 In these studies,
nonlinear optical response of graphene is
one of the key issues. Graphene has also
been utilized in various optical applications,
such as optical modulation11 and photo-
detection,12 as a saturable absorber for laser
mode-locking,13 and as a third-order non-
linear optical material to generate optical
bistability, regenerative oscillations, and
four-wave mixing.14 For successful device
fabrication it is crucial to characterize the
graphene quality to ensure best device per-
formanceandyield. Standard characterization

methods for graphene include Ramanmicro-
scopy, optical microscopy, atomic force
microscopy (AFM), scanning tunneling mi-
croscopy (STM), scanning electron micro-
scopy (SEM), and transmission electron
microscopy (TEM). The contrast produced
by graphene in optical microscopy is weak
(the absorption of single-layer graphene is
only 2.3%),15 and therefore special substrates
are commonly used to enhance optical con-
trast. Raman microscopy is probably the
most important and widely used tool for
graphene characterization since it can be
used to assess the quality of graphene,
e.g., number of layers, strain, doping, inter-
layer interaction, and defects.16�19 However,
spectral Raman microscopy is currently
quite time-consuming, which may prohibit
its use in rapid characterization of large-area
graphene samples needed formany applica-
tions. Furthermore, the focused laser beam
used in Raman mapping may even damage
the sample especially during detailed spatial
mapping.
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ABSTRACT Single- and few-layer graphene was studied with simulta-

neous third-harmonic and multiphoton-absorption-excited fluorescence

microscopy using a compact 1.55 μm mode-locked fiber laser source. Strong

third-harmonic generation (THG) and multiphoton-absorption-excited fluo-

rescence (MAEF) signals were observed with high contrast over the signal

from the substrate. High contrast was also achieved between single- and

bilayer graphene. The measurement is straightforward and very fast

compared to typical Raman mapping, which is the conventional method

for characterization of graphene. Multiphoton microscopy is also proved to be

an extremely efficient method for detecting certain structural features in few-layer graphene. The accuracy and speed of multiphoton microscopy make it a

very promising characterization technique for fundamental research as well as large-scale fabrication of graphene. To our knowledge, this is the first time

simultaneous THG and MAEF microscopy has been utilized in the characterization of graphene. This is also the first THG microscopy study on graphene using

the excitation wavelength of 1.55 μm, which is significant in telecommunications and signal processing.
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Multiphoton imaging (MPI) is a powerful technique
that allows mapping of samples that have any kind of
nonlinear optical response such as second-harmonic
generation (SHG), third-harmonic generation (THG),
or fluorescence induced by multiphoton (MP) absorp-
tion.20�23 While multiphoton-absorption-excited fluo-
rescence,24,25 second-harmonic generation,26 and, very
recently, third-harmonic generation27,28 in graphene
have been studied, the full potential of this versatile
technique has not yet been exploited.
Optical nonlinearities are the basis of all-optical

devices that are important in telecommunications
networks. The previous work on third-harmonic gen-
eration in graphene has been carried out at the
wavelengths of 800 nm27 and 1.72 μm.28 To directly
assess the potential of using graphene in telecommu-
nications devices, it is crucial to study its nonlinear
response at telecommunications wavelengths around
1.55 μm. The long excitation wavelength also yields
a third-harmonic signal in the visible wavelength
range, where high-sensitivity photomultiplier tubes
(PMT) exist.
In this work, we have successfully employed multi-

photon microscopy with a compact 1.55 μm femtose-
cond fiber laser to study the nonlinear optical
properties of single- and few-layer graphene. We also
compare this method with Raman mapping and stan-
dard optical imaging. In contrast to standard optical
microscopy, multiphoton microscopy relies on the
nonlinear optical properties of the material, yielding
high-contrast signals without special sample prepara-
tion. We further established that the third-harmonic
signal is very sensitive to certain structural features in
graphene that are barely detectable by Raman micro-
scopy. The technique is very fast compared to Raman
mapping and is far better suited for characterization of
samples with large surface areas. Therefore, multipho-
ton microscopy constitutes an efficient new tool for
the characterization of graphene, particularly for large-
scale CVD-deposited graphene films and device char-
acterization. To our knowledge, this is the first THG and
multiphoton-absorption-excited fluorescence (MAEF)
microscopy study of graphene using laser excitation
wavelengths in the telecommunication range near
1.55 μm.

RESULTS AND DISCUSSION

Multiphoton Microscope. Second- and third-harmonic
signals andmultiphoton-absorption fluorescence from
graphene samples were measured using the multi-
photon microscope shown schematically in Figure 1. A
femtosecond laser beamwith a wavelength of 1.55 μm
is scanned in the xy-plane with a dual-axis mirror
system and focused on the sample using amicroscope
objective. The backscattered light is split into two
branches using a long-pass dichroic mirror (cutoff at
562 nm) and then detected using PMTs. Bandpass

filters were used to separate different spectral win-
dows of the backscattered signal. Specifically, a 520 (
10 nm filter enables measurements of third-harmonic
generated signal, a 780 ( 10 nm bandpass filter is
used to measure second-harmonic emission from the
sample, and fluorescence due to two- or three-photon
excitation can be measured using just the dichroic
long-pass filter without the 780 nm bandpass filter.

Large-Area Characterization. Figure 2 shows large-area
multiphoton micrographs of an exfoliated graphene
area. The images are taken using a 10�, 0.45 NA
objective. This moderate magnification allows a rela-
tively large area of approximately 450� 450 μm2 to be
imaged. The image on the left in Figure 2 is the MAEF
image, obtained with the PMT that receives light of
wavelength longer than 562 nm that passed through
the dichroic mirror. The image in the center is based on
the third-harmonic signal obtained using the 520 nm
bandpass filter located in the branch where the wave-
lengths below 562 nm were directed. All the graphite
pieces on the sample are clearly visible in both images.
More importantly, the few-layer graphene flake that
is marked with the white circle in the fluorescence
image is also clearly visible. It is nearly as bright as
the significantly thicker bulk graphite that is typical of
the exfoliation method. We also measured fluores-
cence using an 801 nm long-pass filter to compare
the fluorescence intensity at different spectral regimes.
The fluorescence signal between 562 and 801 nm was
about 7 times stronger than that between 801 and
920 nm. Taking into account thewavelength-dependent
sensitivity of the PMT we used, this ratio is in good
agreement with the spectra discussed in ref 24.

The resolution of the microscope is determined
mainly by the numerical aperture (NA) of the objective.

Figure 1. Schematic diagram of the multiphoton micro-
scope. MLL: mode-locked fiber laser with a carbon nanotube
saturable absorber. VA: variable attenuator. BP filter: band-
pass filter.
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With the 10� and 0.45 NA objective we used in our
experiment, the resolution is 1.85 μm in the xy-plane
and ∼10 μm on the vertical z-axis, as measured using
the nonlinear knife-edge technique.

Simultaneous multichannel detection makes multi-
photon microscopy a powerful tool for material char-
acterization. Figure 2c shows an image, where the red
channel is from the MAEF signal in Figure 2a, and the
green channel in the red-green-blue (RGB) image
originates from the THG signal shown in Figure 2b. In
this kind of composite image, MAEF and THG intensive
areas are red and green, respectively. The areas with
high intensity for both the THG and fluorescence appear
yellow in the composite image. Green, red, and yellow
areas are all seen where the few-layer graphene flake is
located; these features will be discussed in more detail
below.

Single-Layer Graphene. Figure 3 shows the standard
optical, MAEF, and THG images of a single-layer gra-
phene flake. The fluorescence and THG signals gener-
ated in the single-layer graphene, shown in Figure 3b
and c, respectively, are both clearly distinguishable from
the background. The THG signal, plotted in Figure 3d,
is nearly constant over the whole single-layer graphene
flake with a length of more than 50 μm. As seen in
Figure 3, multiphoton microscopy provides signifi-
cantly better contrast compared to standard optical
microscopy, even though we used a special sub-
strate (300-nm-thick SiO2/Si) to maximize the optical
contrast.29 The THG signal on graphene is about 20 pW,
while it is about 3 pW on the substrate. In this case, the
substrate signal arises mainly from the silicon beneath
the thin SiO2 layer. As silicon is not transparent for the

visible THG light, only light generated within the extinc-
tion length can be seen. Using the relation30

jχ(3)gr j
jχ(3)Si j

¼ dSi
dgr

ffiffiffiffiffi
Igr
ISi

r

where dgr and dSi are the estimated graphene thickness
(0.335 nm) and extinction length of 520 nm light in
silicon (∼1 μm; ref 31), respectively, and Igr and ISi are the
THG signals on and off the graphene flake, respectively,
we estimate that χ(3) for single-layer graphene is about
8000 times χ(3) of silicon. With χ(3) = 4 � 10�11 esu for
silicon,32 this yields χ(3) ≈ 3 � 10�7 esu for single-layer
graphene. This is in good agreement with an earlier
estimate based on four-wave mixing experiments at
wavelengths near 800 nm.30

Few-Layer Graphene. Figure 4a shows anopticalmicro-
graph of the few-layer exfoliated graphene flake high-
lighted in Figure 2. Areas with different levels of optical
absorption, corresponding to a different number of

graphene layers, can be distinguished. According to

Raman spectroscopy, the area marked with number
“1” in Figure 4a is bilayer graphene, while the darker

areas have a larger number of graphene layers.

Figure 4b and c show the multiphoton micrographs of
the same area. A few dark spots are the main difference

between the optical and THG images andwill be discus-
sed inmore detail below. The fluorescence image in the

lower part of Figure 4c shows that the strongest fluo-

rescence can be seen in regions where the absorption
is higher (darker areas in Figure 4a); therefore, MAEF is

stronger with an increasing number of graphene layers.

The second-harmonic signal is generally weak, with the

Figure 2. Typicalmultiphotonmicrographs of a sample containing exfoliated grapheneon SiO2/Si substrate. (a) fluorescence,
(b) third-harmonic signal, and (c) merged RGB image using fluorescence (red) and THG (green) signals. One particularly
interesting few-layer graphene flake considered below is marked with white circles and shownmagnified in themerged RGB
image.

Figure 3. Microscope images of single-layer exfoliated graphene. (a) optical, (b) MAEF, (c) THG, and (d) the THG intensity
profile along the white arrow in part c.
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exception of a few locations, which coincide with the

dark spots in the third-harmonic image. Figure 4d pre-

sents the THG signal profile along a line crossing areas

(in Figure 4b)with different numbers of graphene layers.

The signal is constant over areas with the same number

of graphene layers, generally increasingwith thenumber

of graphene layers.

Power Dependence. The dependence of the THG sig-
nal on the excitation power was studied by imaging
several graphene flakes with different numbers of
graphene layers. The signals were generated using
the few-layer areas labeled 1, 2, and 3 in Figure 4a
and from several single-layer graphene flakes, one of
which is shown in Figure 3. All single-layer graphene
areas showed very consistent THG signals, as can be
seen in Figure 5. The third-harmonic signal generated
in different single-layer graphene flakes exhibits a
strikingly similar power dependence, and it is clearly
distinguishable from the trend for bilayer and multi-
layer graphene regions. The fit lines in Figure 5 follow
the power law equation PTHG = aPp

b, where PTHG and Pp
are the THG and pump powers, respectively, and the
coefficient a and exponent b are set for the best fit
to the data. Consistent with the theory, the third-
harmonic signal from the single-layer graphene has a

cubic dependence on the excitation peak power, i.e.,
b ≈ 3. For a larger number of layers, the power
dependence of THG is subcubic: for bilayer and few-
layer areas, b ≈ 2.85, and for the multilayer area, b ≈
2.55. The decreasing exponent for the multilayer gra-
phene can be best seen in the logarithmic plot in the
inset in Figure 5.

The fluorescence signal has a quadratic depen-
dence on the excitation power for single- and bilayer
graphene, as also observed in a previous study for high
fluence.24 In this case, the quadratic dependence
occurs as a function of average power, i.e., pulse
energy, not peak power, as was the case for THG. The
reason for this difference is that fluorescence occurs
as a result of multiple photons exciting electrons in
graphene, as discussed in ref 24. Therefore, excited
electrons for fluorescence may accumulate during the
pulse, whereas THG is an instantaneous process arising
directly from the optical field. For areas that are thicker
than bilayer, both fluorescence and THG depend on
the excitation power to a smaller exponent than pre-
dicted. The origin of this phenomenon could be related
to the accumulation of nonlinear effects (e.g., nonlinear
refractive index) in the multilayer graphene.

THG-Sensitive Features in Graphene. Raman mapping
was carried out to further characterize the locations
with dark spots in the third-harmonic image. In the
Raman maps in Figure 6, we can see some variation in
areas whose location and shape have a perfect match
to the dark spots in the THG image (Figure 4b). Speci-
fically, the intensity of the G and 2D (also known as
G018) band signals have a slight increase compared to
the surrounding areas, as shown in Figure 6a and b,
respectively. Most importantly, the disorder-induced D
peak cannot be observed in these areas in Figure 6c
(only at the edges due to symmetry-breaking effect).
This suggests that the features in THG and Raman
images do not arise from defects in the graphene
layers. In our experiments we did not observe such
features in single-layer graphene. Therefore, it is con-
ceivable that the change may be related to a variation
of the bonding between graphene sheets in the bi- and
multilayer graphene areas. The appearance of the SHG
signal also suggests the presence of non-centrosym-
metry at these very same locations. Bonding between
layers has been predicted and observed to change
under intense laser radiation.33 Raman spectroscopy as

Figure 4. Optical and multiphoton microscope images of few-layer exfoliated graphene. (a) Optical, (b) THG, (c) top, SHG;
bottom, MAEF, and (d) the THG signal along the arrow in part b with different excitation powers.

Figure 5. Dependence of the THG peak signal on the laser
peak power and number of graphene layers. Dots are mea-
surement values; the curves are exponential fits to the power
dependence. Multi-, few-, and bilayer plots correspond to
areas 1, 2, and 3 in Figure 4a, respectively. For single layers,
measurements from four different flakes are shown as differ-
ent symbols. In the logarithmic plot in the inset, three points
corresponding to the lowest THG power deviate from the
general trend because the power level is below the linear
regime of our detection system.
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well as multiphoton microscopy uses high-intensity
lasers that can potentially alter graphene. Even though
the laser fluence used in our multiphoton microscope
is below the threshold values found by Jeschke et al.,33

the effects of persistent laser fluence on graphene,
as experienced during extensive multiphoton micro-
scopy as well as Raman spectroscopy, may be worth
further investigation. While the exact origin of the
features remains unclear, it is evident that these differ-
ences can be easily and rapidly observed in multi-
photon microscopy, whereas they are very subtle in
Raman spectroscopy and only visible after tedious data
processing. Systematic study considering the origin
and formation of these features is under way.

Rapid Characterization. Our study shows that multi-
photon microscopy is a promising technique for rapid
characterization of graphene. While graphene fabrica-
tion has seen tremendous development, even roll-
to-roll production,8 characterization of graphene is still
a time-consuming task thatmay even become a bottle-
neck in real-time monitoring of high-volumemanufac-
turing processes. Therefore, simple, fast, and efficient
graphene characterization methods are needed. Com-
pared to Raman spectroscopy, which is currently the
most commonly used method for graphene character-
ization,multiphotonmicroscopy is very fast. In ourwork,
an area of 450� 450μm(1024 lines of 1024points each)
can be imaged with the multiphoton microscope in

about 5 s or less, whereas Raman mapping of an area
of 25 � 25 μm (120 lines, 120 points each) takes about
12 min. In addition, a video rate multiphoton micro-
scope is feasible by using faster scanningmirrors and/or
by increasing laser peak power. Single-layer, bilayer,
and multilayer graphene may be distinguished in the
images by using the signal level. This is very useful,
for example, when analyzing large-scale single-layer
CVD graphene, which typically contains parasitic flakes
(adlayer domains).34 Therefore, multiphoton micro-
scopy demonstrates great potential to bea very efficient
characterization tool for large-scale fabricated graphene.
Once the process is optimized for maximal optical
throughput, the laser exposure will also be minimized.

CONCLUSIONS

We have demonstrated that multiphoton micro-
scopy is a very efficient method for characterizing
single- and few-layer graphene. Compared to Raman
mapping, this method is very rapid. Unlike in standard
optical microscopy, no special sample preparation is
needed. High contrast between single-layer, bilayer,
and multilayer graphene is readily achieved. We be-
lieve that this method has a significant potential for
fundamental research on graphene as well as for large-
scale graphene characterization, which is crucial for
ensuring high yield and high throughput in the fabri-
cation of graphene devices.

METHODS
Graphene flakes were deposited on oxidized silicon sub-

strates using the exfoliation method.35 The thickness of the
thermal SiO2 was set to 300 nm to achieve maximal contrast in
standard optical microscopy. Single- and few-layer graphene
areas were first identified using optical microscopy and then
confirmed by Raman spectroscopy.
The multiphoton microscope setup for the characterization

of second- and third-harmonic signals and multiphoton-
absorption fluorescence is shown schematically in Figure 1.
The excitation laser source in the system is an amplified erbium-
doped mode-locked fiber laser operating at the central wave-
length of 1.55 μm.36 The light is delivered to the microscope
using an optical fiber. The seed laser oscillator is mode-locked
using a carbon nanotube saturable absorber similar to the one
reported in ref 37. The maximum average power of the laser is
60mWat the sample surface, and the repetition rate is∼50MHz.
The pulse duration on the sample depends on the average
power due to soliton compression effects in the delivery fiber.
The pulse duration is∼150 fs at an average power of 60mW, and

it increases gradually to∼280 fs at an average power of 10 mW.
The pulse peak power has been calculated accordingly. The peak
power and pulse energy at an average power of 60mWare 8 kW
and 1.2 nJ, respectively. To produce an image, the laser beam is
scanned in the xy-planewith a dual-axis galvomirror system and
focused on the sample using a microscope objective. With the
10� objective used in this work, the laser spot size was 1.85 μm,
yielding a peak intensity of 300 GW/cm2 on the sample. The
backscattered light is split into two branches using a long-pass
dichroicmirror (cutoff at 562 nm) and then detected using PMTs.
The multialkaline-based PMTs (Hamamatsu H10721-20) detect
light only up to a wavelength of 0.92 μm, thus preventing the
excitation light from being detected. The paths to the two PMTs
can be equipped with different bandpass filters to analyze
different spectral windows of the backscattered signal. Specifi-
cally, we used a 520 ( 10 nm bandpass filter in order to detect
third-harmonic emission from the sample. In the other channel,
a 780 ( 10 nm bandpass filter allows detection of the second-
harmonic signal generated in the sample, while with just the
dichroic long-pass filter without the 780 nm bandpass filter,

Figure 6. Raman maps of the few-layer graphene area under study. (a) G line, (b) 2D (G0) line, and (c) D line.
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detection of fluorescence signal due to two- or three-photon
excitation is enabled.
Raman spectra andmapswere collectedusing confocalmicro-

Raman spectroscopy with a 532 nm Nd:YAG laser. The maps
were measured using 120 points � 120 lines for the area of
25 μm � 25 μm.
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