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Incoherent optical second harmonic generation (SHG) is studied from series of multilayer graphene samples of
various thickness manufactured by chemical vapor deposition technique and deposited over 150 pm thick glass
slides. Two different values of the correlation lengths are obtained from the linear and SHG indicatrices and reveal
the existence of two types of optical scatterers. The first one is associated with homogeneous graphene areas, while
the second one originates from wrinkles at the interdomain boundaries. Second harmonic imaging microscopy used
to map the distribution of the second-order polarization at the nanoscale confirms the results of the nonlinear

scattering data. © 2013 Optical Society of America
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Graphene that is a plain two-dimensional allotrope of car-
bon has attracted substantial interest over recent years
due to its unique electronic, thermal, mechanical, and op-
tical properties [1,2], as well as because of high inherent
potential for future applications as field-effect transistors
[3] and conductive coatings [4]. In the meantime, most of
the graphene research was focused entirely on mono-
layers because of their unconventional band structure
[5]. However, in crystalline multilayers, graphene still of-
fers a number of promising electronic and optical proper-
ties including a universal fine structure constant-defined
absorption over the visible and near infrared wavelength
range [6], Raman scattering in graphene [7,8], hot-carrier
photoluminescence [9], and terahertz plasmonics [10].
Even the band structure of a monolayer can be preserved
due to effective decoupling of adjacent layers for the mul-
tilayer films with a twist [11-13]. Moreover, crystalline
graphene films are the ones that are produced in all cur-
rently available scalable graphene production techniques
such as chemical vapor deposition (CVD) [4,14,15] or
thermal decomposition of silicon carbide [12]. Therefore,
their investigation by the methods other than conven-
tional electron microscopy is in high demand.

Recently, a number of studies regarding the nonlinear-
optical response of graphene has been reported. Second
harmonic generation (SHG), studied both theoretically
[16,17] and experimentally [18], showed that the intrinsic
second-order nonlinearity of graphene, especially in crys-
talline films, is rather weak unless enhanced by some
kind of resonance or external symmetry breaking. Third-
order effects, including four-wave mixing [19], two-
photon absorption, saturable absorption [20-22], self
action of light [23], current-induced SHG [24], and third
harmonic generation [25,26], on the other hand, were
shown to be remarkably strong with the y® estimated
as high as 1077 esu.

Although the SHG in crystalline graphene samples was
shown to be strongly suppressed due to an in-plane inho-
mogeneity, this inhomogeneity can be accessed though
the hyper-Rayleigh scattering (HRS) on the frequency
of the optical second harmonic signal [27]. The HRS
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process is formed by statistically correlated fluctuation
of the nonlinear-optical parameters in the plane of the
sample. Assuming that the fluctuations are described
by a Gaussian correlation function, which almost van-
ishes at the specific distance L, (correlation length),
one can obtain the following expression for the HRS scat-
tering pattern (denoted with the 2w superscript):

.20\ 2
I1222(9) « T*2? () exp (— (47r(sin(9) - sin(eo))%) )
)

where T?2(0) is the linear transmittance of the sample,
6 is the angle of scattering, 9, is the angle between the
incident wave and the reflected wave, 122 are the fun-
damental and the SHG wavelengths. The same expres-
sion [denoted with @ superscript in Eq. (1)] can be
obtained for the linear (Rayleigh) scattering from the sur-
face of the sample with the main difference that now the
fluctuations of the linear optical parameters, rather than
nonlinear ones, determine the angular width and position
of the scattering indicatrix. It has been shown [28,29] that
a direct comparison of the linear (Rayleigh) scattering
and HRS effects can give information about the structure
and distribution of the scatterers beyond the capabilities
of each of the methods alone. In this Letter, we report the
first studies of the nonlinear scattering in multilayer
graphene films.

Our specific experimental conditions are as follows.
For HRS an s-polarized output of the Ti:Sapphire laser
cavity at the wavelength of maximum output power
around 800 nm, pulse duration 100 fs, 80 MHz repetition
rate was used. The laser radiation was focused on the
sample into a 50 pm spot producing about 0.8 GW/cm?
peak power. The scattered SHG signal at a specific scat-
tering angle was collected by the lens, spectrally selected
with a set of Schott BG39 filters and detected by a
photomultiplier tube [Fig. 2(a)]. For Rayleigh scattering,
s-polarized output of a continuous wave diode laser at
the wavelength 405 nm was used with no focusing on

© 2013 Optical Society of America
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the sample [Fig 2(b)]. Scattered light was detected by a
biased photodiode. The scattering indicatrices either on
the SHG wavelength of the Ti:Sapphire laser or on the
wavelength of the diode laser were measured for a fixed
angle of incidence of the fundamental beam as the
detection system was rotated around the sample, thus,
the angular dependence of the scattered light 1”2 (6)
was measured. All angles were measured relative to
the incident beam.

The samples were about 10 monolayers thick, multi-
layer graphene films composed by CVD technique on
the surface of a crystalline Ni foil, which acts as a catalyst
in the process [4,14,15]. The thickness of the graphene
film was controlled by the growth temperature and the
gas pressure in the chamber. The metal film was sub-
sequently removed by a wet etching process in FeClg
aqueous solution, after that the graphene film was trans-
ferred to commercially available 150 pm thick cover glass
slides.

A scanning electron microscopy (SEM) image of a
typical graphene film is shown in Fig. 1. Clearly resolved
micrometer-sized crystal domains can be seen separated
by 200—400 nm thick wrinkles at the domain boundaries.
The Rayleigh scattering measured in transmission
through the graphene samples shows a narrow Gaussian-
shaped indicatrix centered at the transmission direction
[Fig. 2(d), black squares]. Although narrow, this scatter-
ing pattern is much broader than the setup collection
aperture, shown on the same figure by red circles. The
linear correlation length of LES ~ 1500 nm was obtained
using Eq. (1). This value can be attributed to the charac-
teristic size of a single crystal domains in the graphene
film. Similar sizes of graphene domains have been re-
ported recently [4].

Surprisingly, HRS shows a completely different behav-
ior with a much broader scattering pattern [Fig. 2(c)].
Nonlinear correlation length derived from the scattering
indicatrix was found to be LIRS ~ 200 nm. A trivial ex-
planation of this discrepancy is a result of local surface
roughness under the graphene film. The overlying gra-
phene therefore acts a thin nonlinear screen following
the morphology of the surface and producing large non-
linear scattering [29]. To rule out this mechanism, we per-
formed the measurements of HRS in reflection (angle of
incidence—60°) from 4 to 5 monolayers thick graphene
samples on glass slides and oxidized silicon substrate

Fig. 1. Typical SEM image of as-prepared multilayer graphene
film.
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Fig. 2. Linear and nonlinear scattering from graphene. (a) and
(b) Setups for hyper-Rayleigh and Rayleigh scattering measure-
ments, respectively, (c) HRS scattering indicatrix, and (d) Ray-
leigh scattering indicatrix (black squares), laser-line angular
width (red circles).

(300 nm thick thermally grown oxide layer). The two
corresponding HRS indicatrices are presented in the
Figs. 3(a) and 3(b), respectively.

Although the estimated correlation lengths are differ-
ent in value [LERS ~ 250 nm for graphene/SiO,/Si(001)
and LIRS ~ 450 nm for graphene/glass], the fact they both
are still far smaller than a LES  ~ 1.5 pm proves that the
source of the nonlinear scattering is within the graphene
film and is not attributed to the substrate. Moreover, this
nonlinear scattering was found to be highly robust to the
parameters of the substrate as well as of the graphene
film, since all the available samples, regardless of the
substrate type and the thickness, reveal similar values
of the correlation length that lie in the region 200—400 nm.

The only source of structural inhomogeneity of an
appropriate size that is testified by our SEM microscopy
images are the wrinkles that separate the crystalline do-
mains. To prove this assumption directly, the second har-
monic imaging microscopy (SHIM) was used with the
60 mW average power of a 50 fs output of the Ti:Sapphire
laser cavity at 800 nm as a source. The setup of our home-
made SHIM is shown in Fig. 4(a). An objective lens with a

I (arb. units)
1% (arb. units)

Graphene/Glass

80 100 120 140 80 100 120 140
Scattering angle (deg.)

Scattering angle (deg.)
Fig. 3. HRS pattern from 4 to 5 layer thick graphene on differ-

ent substrates. (a) graphene/SiO,/Si and (b) graphene/glass.
Angle of incidence—60°. Lines are theoretical fit with Eq. (1).
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Fig. 4. (a) SHIM setup and (b) typical SHIM image from
10-layer thick graphene sample.

numerical aperture on 0.7 was used, which focused the
fundamental radiation on the sample into a spot of 1.5 pm
in diameter. Consequently, the spatial resolution of our
SHIM setup at the second harmonic wavelength was
about 700 nm.

The bare substrate without graphene coverage can be
seen as a dark-blue area in the top-right corner of the im-
age [Fig. 4(b)]. The absence of the SHG signal in this area
confirms our assumptions that the second harmonic is
generated mainly by graphene. The rest of the SHG image
consists of wide light-blue colored areas separated by
thin extended peculiarities forming a network. These
peculiarities are most likely the same interdomain wrin-
kles that are clearly seen in the SEM image. The discrep-
ancy between their width estimated from the SHIM
(0.5-1 pm) and SEM (200400 nm) images can be ex-
plained as a result of insufficient spacial SHIM resolution.

The question remains on the mechanism of enhanced
SHG at the wrinkles between domains that are not pro-
nounced in the linear optical scattering. It is known that
single crystal graphene has 6mm symmetry, i.e., pos-
sesses a centrosymmetric structure. Thus the SHG is
prohibited in the electric dipole approximation. At the
same time, as was mentioned in the introduction, exter-
nal influence such as mechanical stress can break this
symmetry and lead to the dipole SHG. Such mechanism
of the inversion symmetry breaking was already reported
to be responsible for the strain-induced SHG in silicon
[30] and SHG induced by the intrinsic mechanical strain
in iron garnet films [31]. Other mechanisms that may lead
to the enhanced SHG at the wrinkles are local field en-
hancement due to the curvature, variations of thickness
at the boundaries reported for CVD graphene [15], or
charge puddles [32] induced by local curvature of the
film, and giving birth to the electric-field induced
SHG [33]. Distinguishing these effects is beyond the capa-
bilities of our current method thus further research is
necessary.

To summarize, structural, optical, and nonlinear-
optical studies and nonlinear-optical microscopy of mul-
tilayer graphene films deposited by CVD technique on
glass and silicon substrates are performed. Two charac-
teristic spatial scales of several microns and hundreds of
nanometers are observed, which are associated with flat
graphene crystal domains and with the cross section of
the wrinkles that separate the domains. SHIM show that
the second-order nonlinear response originates primarily
from the wrinkles and is probably due to local symmetry
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breaking associated with mechanical stress, charge, and
thickness inhomogeneities.
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