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Gapless linear energy dispersion of graphene endows it with unique nonlinear optical properties, including broad-
band nonlinear absorption and giant nonlinear refractive index. Herein, we experimentally observed that few-
layers graphene has obvious nonlinear absorption and large nonlinear refraction, as investigated by the Z-scan
technique in the mid-infrared (mid-IR) regime. Our study may not only, for the first time to our knowledge, verify
the giant nonlinear refractive index of graphene (~10~" cm?/W) at the mid-IR, which is 7 orders of magnitude larger
than other conventional bulk materials, but also provide some new insights for graphene-based mid-IR photonics,
potentially leading to the emergence of several new conceptual mid-IR optoelectronics devices. © 2015 Chinese
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1. INTRODUCTION

Broadband nonlinear optical materials are needed urgently
for numerous applications in different fields. Among the non-
linear optical materials, mid-infrared (mid-IR) nonlinear mate-
rials deserve more attention for their potential applications in
spectroscopy, chemical, biomolecular sensing, security, and
industry. It is not easy to find a material that exhibits excellent
nonlinear performance and can be grown and fabricated with
high optical quality.

Graphene, the first truly two-dimensional -crystalline
material, has been found to exhibit unique electronic and op-
tical properties that have already aroused much scientific in-
terest [1,2]. The remarkable optical property of graphene,
featured by its ultra-broadband spectrum, stems from the
linear dispersion energy band structure [3]. Its linear
optical response is characterized by a universal conductivity,
6y = €% /4h, ranging from the visible to the mid-IR, suggesting
that monolayer graphene exhibits a constant absorbance of
about 2.3% [4]. With its efficient and relatively strong light—
matter interaction, another fascinating property of graphene
is its unique optical nonlinearities.

Despite its center-of-inversion symmetry, graphene also
shows strong second-order nonlinear response that arises
from symmetry breaking induced by the presence of a strong
external electric field [5], the underlying substrate, the inter-
facial effects [6], and the presence of the radiation wave vec-
tor or its magnetic field [7]. The first nonzero high-order
nonlinear optical term belongs to the third-order susceptibility
that deserves our study in this contribution. The nonlinear
optical properties of graphene at the visible, near-infrared,
optical communication band, and even the microwave regime,
include saturable absorption and nonlinear refraction. These
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properties and corresponding applications as a variety of
photonic devices, such as passive mode lockers [8-14],
ultrafast all-optical switches [15], optical power limiters [16],
cascaded four-wave-mixing wavelength converters [17], and
ultrafast all-optical modulators [18], have been experimentally
demonstrated in the past few years [19-23]. Under intense
light illumination, graphene’s optical absorbance encounters
a gradual decrease and becomes saturated at a certain level
because of saturable absorption, which stems from the com-
bined consequence of the Pauling blocking principle and the
direct resonant absorption in graphene [24,25]. Strong light
that propagates through a graphene layer might experience
an additional nonlinear phase shift that may stem from the
mass-less bandgap structure and the coherent electronic re-
sponses in graphene [26]. Owing to the linear dispersion band
structure, which can cause resonances over a wide spectral
range of photon energies, graphene was also theoretically pre-
dicted to possess a broadband nonlinear optical response.
Moreover, the broadband third-order nonlinearity has been in-
vestigated by different approaches, the including four-wave
mixing [27], spatial self-phase modulation [28], optical Kerr
gate measurement [29], and Z-scan [26] methods. In spite of
different experimental measurements on graphene’s third-
order nonlinearities, graphene shows large effective suscep-
tibilities (y%)) values.

The large y® has been verified experimentally in the near-
infrared and the optical communication band. However, the
mid-IR nonlinear optical properties related to y® and higher
order nonlinearities of graphene have not yet been investi-
gated. Moreover, the optical nonlinearity in graphene was
theoretically predicated to be proportional to A* [27], which
implies that the nonlinear response will be better in the
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mid-IR regime, which motivates a comprehensive investiga-
tion of the untouched mid-IR regime by using a high-quality
graphene sample.

Enlightened by this fundamental interest, by employing a
home-made mid-IR Z-scan measurement system where both
open and closed aperture measurements could be performed,
we are able to accurately identify the real and imaginary parts
of the mid-IR third-order optical susceptibility of graphene for
the first time, to the best of our knowledge. The measured re-
sults confirmed the excellent third-order nonlinear properties
of graphene in the mid-IR regime.

2. HIGH-QUALITY GRAPHENE TRANSFER
METHOD AND CHARACTERIZATION

Chemical vapor deposition (CVD)-grown graphene (ACS
MATERIAL LLC, grown on Cu, 5 cm x 5 c¢m, six—eight layers)
films were transferred to target substrates with the widely
used polymethyl methacrylate (PMMA) transfer method.
Different from other transfer methods, ultrasonic processing
(UP) of target substrates was adopted to improve the transfer
quality thanks to the improved hydrophilicity of the sub-
strate [30].

The improved transfer quality was confirmed by the Raman
characterization in Fig. 1. By analyzing the intensity ratio be-
tween the disorder-induced D band and the Raman-allowed G
band, the higher I, /I; means more defects in the few-layers
graphene (FLG) sample. Here, the I /1 is about 0.2, indicat-
ing the graphene transferred onto the quartz has fewer
defects [30].

The linear transmittance was also characterized for the
FLG, as shown in Fig. 2. It can be seen that the graphene
exhibits flat absorption ranging from 1000 to 2500 nm.

3. PUMP-PROBE EXPERIMENT

The ultrafast nonlinear response of FLG was investigated by
time-resolved optical degenerate pump-probe measurement
[31], with the experimental setup shown in Fig. 3. A femtosec-
ond (fs) laser (Coherent Libra-S), which gave an output with a
pulse repetition rate of 1 kHz, a central wavelength of 800 nm,
and a pulse duration of around 100 fs, was employed in the
time-resolved pump-probe experiment. The output was split
into two different laser beams, one intense portion with a peak
intensity of 75 GW/cm? as the pump beam to generate the
photoinduced carriers, and the other weak portion with peak
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Fig. 1. Raman characterization of the graphene sample.
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Fig. 2. Absorption spectra of six—eight-layer graphene.
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Fig. 3. Experimental setup of the pump-probe measurement.
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intensity of 0.3 GW/cm? as the probe beam. The pump beam
was focused onto the sample and spatially overlapped with
the probe beam. The delay time between two pulses was con-
trolled by a translation stage. The pump beam was modulated
at a frequency of 290 Hz by a fast rotational chopper. The
transmittance changes of the probe beam were recorded as
a function of time delay between the pump and probe signal
through a lock-in amplifier (SR850), providing internal de-
tailed information about the carrier relaxation process occur-
ring in the sample upon excitation. To minimize the scattering
of the pump beam, we have to ensure that the probe and pump
beams are orthogonally polarized through finely adjusting the
half-wave plate (HWP) at the probe beam. By using a Glan—
Taylor polarizer (G) with perpendicular polarization to the
pump beam localized before the probe detector, we are able
to sufficiently suppress the scattering of the pump beam.

The transient transmittance traces at different incident
pump intensities measured on the FLG at room temperature
are demonstrated in Fig. 4. The delay kinetics can be well
fitted with a bi-exponential delay function:

AT/T = Aye /™ 4 Age /™, @

where AT /T is defined as the relative change of the probe
transmissivity caused by the pump. z; is the decay time with
the respective amplitude weights A;. The fitting results show a
similar fast time constant around 200 fs upon different pump
intensity, which can be attributed to the ultrafast carrier
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Fig. 4. Transient transmittance traces at different incident pump
intensities for FLG at room temperature. The solid lines are fitting
results based on different incident pump intensities.

thermalization in graphene via carrier—carrier scattering
[32-34]. The slower time constants are around 1.07 and 2.0 ps
under the pump intensities of 30 and 75 GW/cm?, respec-
tively. The pump intensity-dependent behavior was due to
the carrier-photon scattering, which was well consistent with
previously reported results [35]. Electron-hole recombination
and cooling could also contribute to this slower decay time. At
high excitation intensity, electron relaxation creates a large
quantity of optical phonons, which could couple energy back
into the electron distribution, and therefore slow down the
cooling rate. Therefore, the value of the slow relaxation time
at high pump intensity can determine the relaxation time for
the optical phonon modes [36].

4. NONLINEAR OPTICAL RESPONSE OF
FLG

We used 2 pm mode-locked ultrafast fiber laser source from
AdValue Photonics with center wavelength of 1930 nm, pulse
repetition rate of 32.3 MHz, and pulse duration of 2.8 ps to
implement the nonlinear measurements.

Based on a self-made Z-scan system, the nonlinear mea-
surements were implemented in both open-aperture (OA)
and closed-aperture (CA) regimes, wherein all/part of the light
transmitted through the sample was collected on a photo-
detector, as shown in Fig. 5. The OA regime enables charac-
terization of the intensity-dependent absorption, and the
closed one corresponds to the nonlinear refractive index
properties. By analyzing OA and CA measurements, the satu-
rable absorption properties and ny, were obtained. The laser
beam was focused by using a CaFs lens with a focal length of
150 mm. The average focused spot size was about 35 pm,
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Fig. 5. Experimental setup of the Z-scan measurement.
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further confirmed by Z-scan parameter fitting, corresponding
to a peak intensity of 57.5 MW /cm?. In the experiment, the far-
field condition for the aperture plane (d > z,) was satisfied,
where d is the propagation distance in free space from the
sample to the aperture plane, and z is the diffraction length
of the beam. During the measurement, we adjusted the radius
of the aperture to make the linear transmittance S of the aper-
ture equal to 0.1, where S = 1 - exp(-27,/w,), ¥, is the aper-
ture radius, and w, is the laser beam radius on the aperture.

The graphene samples and its quartz substrate were
oriented perpendicularly to the beam axis and translated
along the axis through the focus with a motorized precision
translation stage.

The transmitted power was recorded by the detector
(Newport 818P-001-12) placed in the far field of the focal beam
spot with either no aperture or a small aperture. The incident
beam intensity was detected by a reference detector. A com-
puter-controlled powermeter was used to measure the optical
power. To make the experimental results valid, the same sam-
ple was moved from +Z to -Z, and then -Z to +Z. In addition,
we spatially changed the graphene sample illumination area,
and repeatable results could be obtained. In our experiment,
no external field is introduced, and phase-matching align-
ments have not been paid attention. During the experiments,
the average focused spot size was about 35 pm, and the mea-
surement result reports the averaged size, which means that
layer changes in the illumination area cannot be distinguished.
The high-quality graphene samples combined with microzone
analysis will be introduced in further measurements.
Moreover, second-harmonic generation could not be observed
by adjusting the power or moving the lens. We argue that
the second-order nonlinearity will not be involved in the
measurements.

According to Fig. 6, it is obvious that the optical nonlinear
effect of the substrate was negligible comparing to graphene.
The ratio of the linear transmitted power between the gra-
phene sample and the substrate is about 14.9%, which is close
to the theoretical transmittance of FLG, indicating that this
graphene sample is the six—eight layer graphene. The nonlin-
ear effect of graphene is closely relevant to the photon excited
time, thus the interplay between intraband and interband
dynamics should be considered to describe the nonlinear
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Fig. 6. Curves of an OA Z-scan by FLG sample. The black curve
represents the quartz substrate, and the blue curve represents the
FLG sample on quartz.
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optical response in graphene. Photoexcited electron-hole
pairs thermalize via carrier—carrier intraband scattering
and phonon emission on a femtosecond time scale to
reach a new Fermi-Dirac distribution. This is followed by in-
terband carrier relaxation and hot phonon emission on the pi-
cosecond time scale [25], which is consistent with our pump-
probe results of the FLG carrier dynamics, where fast and
slower time constants are around 200 fs and 1.07-2.0 ps,
respectively.

For the OA data, the saturable absorption process leads to
the strong transmission rise at the focus 2 = 0 at 1930 nm.
Figure 7(a) shows the typical curves of Z-scan measurements
for 1930 nm. The nonlinear optical response (SA) of FLG at
1930 nm was further confirmed by the balanced twin detector
method, as shown in Fig. 7(b).

Typical CA measurements are shown in Figs. 8(a)-8(d).
The apparent peak and valley in the CA data shows contribu-
tions from both nonlinear refraction and saturable absorption.
The up—down curve implies a small positive on-axis phase
shift A®.

For graphene, a simple two-level saturable absorption can
be modeled by the following equation:

*

o *
m + angs (2)

s

a*(N) =

where I characterizes the saturation intensity, defined as the
optical intensity required in a steady state to reduce the ab-
sorption to half of its unbleached value. The incident intensity
I is concerned with the location of the sample. af and aj
represent the saturable and nonsaturable losses, respectively.

Herein, to analyze the Z-scan data of graphene saturable
absorption, we use the normalized transmittance formula
based on one photon absorption:

aoL 1
r=(1-—"= ) — |
( 1+I/IS) 1-aoL @)

where «, characterizes the linear absorption index and L
represents the sample length.

For the CA results, one can fit the curve with the following
function:
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Fig. 7. (a) Power-dependent transmittance of FLG, and (b) balanced
twin detector of FLG.
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where x = 2/z is the normalized distance from the focus and
2o is the Rayleigh length. The above method for deriving A®
from the measured data is applicable when the distortion of
the phase front is small and the closed aperture is sufficiently
narrow [37]. The nonlinear refractive index can be obtained
using ny = A®/(koLegl), where ky = 2z/4 and Ley is the
effective thickness of the FLG sample.

It can be seen in Fig. 7(a) that the modulation depth and
saturation intensity are about 12% and 1 MW/cm?, respec-
tively. We also measured the same sample at 1562 nm
(20.8 MHz, 1.5 ps), as shown in Fig. 8(b), and the modulation
depth and saturation intensity are 8% and 117 MW /cm?, which
is of the same order of magnitude as the value reported in [26].
A values of ny of 4.58 x 107 and 1.64 x 10" cm? /W were ob-
tained at 1930 and 1562 nm, respectively, which is of the same
order of magnitude as the value reported in [38], approxi-
mately 107 times larger than that of bulk dielectrics. The ratio
of ny at 1.93 and 1.56 pm is about 2.8, which has deviation from
the scale law by 1%, i.e., 2.3. The deviation can be attributed to
the experimental errors, such as the determination of beam
waist, the slow response of the power detectors, and so on.
Semnani et al. calculated the third-order susceptibility and
nonlinear refractive index theoretically; the theoretical pre-
diction for the Kerr coefficient n, ~ 10~ cm?/W, and it is
weakly frequency dependent in a wide range of frequencies
(from the visible to infrared) [38]. The chirality leads to a re-
markably strong nonlinear optical response, which was clas-
sified as pure intraband, pure interband, or a combination of
the both. However, the Z-scan measurements reported here
measure the sum of all contributions to n,, such as nonpara-
metric processes that gives rise to both saturable absorption
and n,. Of course, the different measuring methods (Z-scan to
four-wave mixing) and conditions (i.e., pulse width) may con-
tribute to the difference.
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Fig. 8. (a) CA Z-scan measurement of FLG at 1.56 pm, (b) OA Z-scan
measurement of FLG at 1.56 pm, (c) CA Z-scan measurement of FLG
at 1.93 pm, and (d) OA Z-scan measurement of FLG at 1.93 pm.
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5. DISCUSSION

The development of mid-IR photonics has been limited by the
lack of suitable mid-IR optical materials. The unique mid-IR
saturable absorption and significant Kerr nonlinearity in gra-
phene could promote the development of mid-IR photonics in
two different aspects. One concerns the ultrashort pulse gen-
eration based on its saturable absorption and the other is cor-
related with the mutual nonlinear interaction of mid-IR laser
beams based on Kerr nonlinearity. Ultrashort pulse lasers are
already regarded as important tools for various applications in
medical imaging, high-speed optical communication, and in-
dustrial processing [39,40]. Among all the ultrafast pulse gen-
eration approaches, passive mode-locking is considered the
most direct approach to yield ultrashort pulses. However,
to initial and sustain passive mode-locking operation, one
has to incorporate an intensity discriminating component in-
side the laser cavity, such as an optical saturable absorber de-
vice. However, producing a low-cost and practical saturable
absorber that could stably operate around 2 pm remains a
challenge because of complicated fabrication methods and
large intrinsic loss, which might limit the advancement of
mid-IR ultrashort pulse lasers. The broadband saturable
absorption property of graphene might clear the obstacles and
therefore foster the development of mid-IR photonics.
Second, manipulating a mid-IR laser beam by the nonlinear
Kerr effect remains troublesome because of the lack of suit-
able nonlinear Kerr materials with strong nonlinear Kerr re-
fractive index but relatively low optical loss. Recently,
stable mode-locking of bulk lasers at wavelengths near 1, 2,
and 2.4 pm has been demonstrated by the contribution of
Kerr lens effect and saturable absorption effect of gold-film
graphene at the mid-IR [14].

Based on the experimental results, it is argued that gra-
phene is a promising nonlinear optical material that may be
fit for high-power mid-IR operation. Despite its atomic thick-
ness, it can still induce significant phase shift under high-
power excitation because of its remarkable nonlinear Kerr re-
fractive index. Moreover, its absorbance will decrease with
the increase of pump power and it will become almost trans-
parent once the pump power exceeds a threshold, making its
figure of merit (FOM), the ratio of nonlinear phase shift with
respect to the absorbance [41], very attractive at the high-
power regime. We use the definition of FOM for third-order
nonlinearity as FOM = |An/(al)|, where An is the refractive
index change at the focal point, and « is the absorption coef-
ficient [42]. The FOM was calculated to be 1.02 and 1.6 for the
1930 and 1562 nm lasers, respectively. In association with its
advantages of excellent mechanical properties and high ther-
mal conductivity, graphene is therefore suggested to be highly
favorable (high nonlinear phase and low absorption per layer)
for integrated mid-IR photonics. Given that chemical potential
plays an important role in the origin of optical nonlinearity, we
are able to deliberately tailor its nonlinear optical response by
electrical tuning or chemical doping. For example, by tuning
the Fermi energy level, its linear absorbance could be signifi-
cantly suppressed while its nonlinear phase shift remained re-
markable, allowing for generation of desired nonlinearities
with higher FOM. This type of band engineering will definitely
help researchers fabricate novel graphene-based nonlinear
optical devices.
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6. CONCLUSIONS

We have experimentally measured the third-order nonlinear
response of CVD-grown FLG based on a mid-IR Z-scan setup.
Particularly, the real and imaginary parts of its third-order sus-
ceptibility, including the saturable absorption and nonlinear
refraction around 2 pm, have been identified for the first time,
to the best of our knowledge. Its mid-IR saturable absorption
property makes it able to be developed as an effective satu-
rable absorber for ultrashort mid-IR pulse generation. Its
significant mid-IR Kerr nonlinearity might stimulate a new
wave of exploration into graphene-based Kerr photonics.
More fundamentally, our demonstration opens an avenue
for the feasibility of manipulating light toward the mid-IR re-
gime, by taking into account the confirmed Kerr nonlinearity
in graphene, empowered by the ultrafast response time, high
damage threshold, and low intrinsic loss. It might eventually
enable new mid-IR nonlinear optical devices based on gra-
phene and other two-dimensional materials.
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