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Optical second-harmonic generation induced by electric current in graphene
on Si and SiC substrates
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We find that the flow of direct electric current (dc) through graphene on substrate enhances surface optical
second-harmonic generation (SHG) from the graphene/substrate system. The current can enhance surface SHG
by about 300% for a chemical-vapor-deposition (CVD) graphene monolayer on a SiO2/Si(001) substrate, and
by about 25% for an epitaxial four-layer-graphene film on a 3.5°-miscut vicinal SiC(0001) substrate. The
enhancement in both the CVD and epitaxial graphene samples is due to electric field-induced SHG, which is
produced by the current-associated vertical electric field at the SiO2/Si interface or at the graphene/SiC interface.
Measurements of rotational-anisotropy SHG (RA-SH) from both samples revealed that the current-induced SHG
varies strongly with the measurement location along the current flow direction. By measuring RA-SH from
the vicinal SiC(0001) substrate, we determined all three second-order susceptibility tensor elements (d33 =
−52.0 pm/V, d15 = 20.0 pm/V, and d31 = 18.7 pm/V) that characterize the SHG response of hexagonal SiC at
the fundamental wavelength of 740 nm. We further determined the three effective susceptibility tensor elements
(d33 = −135.8 pm/V, d15 = 18.5 pm/V, and d31 = 14.6 pm/V) that characterize the surface SHG from the
graphene/vicinal-SiC(0001) sample and finally showed that the current-dependent tensor element d33 can be
enhanced to a large value of d33 = −199.0 pm/V by electric current in epitaxial graphene.
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I. INTRODUCTION

Graphene is a monolayer of carbon atoms arranged in
a honeycomb lattice. Its two-dimensional hexagonal crystal
structure leads to unique material properties, such as a
zero-gap Dirac-cone band structure, massless Dirac fermion
carriers, and high mobility of these carriers [1–3]. These
superior electronic and transport properties may give rise to
potential applications in future nanoelectronic devices. The
linear optical and ultrafast optical properties of graphene have
been intensively studied to correlate the material properties
to the Dirac-cone band structure and cone-related carrier
dynamics [4–9]. In contrast, the nonlinear optical properties
of graphene [10–14] have been studied to a lesser extent due
to its weak nonlinear optical response. Recently, theoretical
calculations have shown that graphene can be a nonlinear
optical material with giant nonlinearity when it is electrically
biased or optically excited [15,16]. The second-order nonlinear
susceptibility χ (2) has been predicted to be enhanced by several
orders of magnitude when an electric current is applied to
bilayer graphene [15] or when surface plasmons are excited
in single-layer graphene [16]. Experimental verification of
the predicted giant optical nonlinearity is an important step
toward implementing the effect in optical devices. Field-effect
transistors (FET) with graphene channels [17,18] are suitable
structures for the study of such electro-optical effects, not only
because the graphene film in the channel region can be easily
biased by either an electric current or field, but also because
the optical transparency of graphene facilitates our nonlinear
optical measurements. Nonlinear optical studies of graphene
FET channels will elucidate new opportunities for combining
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high electron mobility with giant optical nonlinearity resulting
in new optoelectronic devices.

Optical second-harmonic generation (SHG), a simple but
important second-order nonlinear optical process, is forbid-
den in a freestanding graphene monolayer because of the
centrosymmetry of the graphene’s crystal structure [19–22].
However, SHG from a graphene/substrate system becomes
allowed, in principle, because the substrate may break the
symmetry of the system. Accordingly, surface SHG from
exfoliated graphene on a SiO2/Si(001) substrate was recently
observed by examining the interference patterns formed by
two SHG contributions, one from graphene and the other from
the underlying SiO2/Si(001) substrate [23,24]. The symmetry
of the graphene/substrate system may also be broken by
an electric current or field in graphene, resulting in current
or field-induced SHG [25]. It was recently reported that a
direct electric current (dc) in multilayer graphene that is
supported by a SiO2/Si(001) substrate could enhance surface
SHG [26] by nearly 30% when the current was applied into
graphene through a pair of needle electrodes. Although electric
current-induced SHG (CI-SH) [27] has been observed in other
semiconductor materials, such as silicon [28] and GaAs [29],
observation of CI-SH in graphene is particularly remarkable
because confining the electric current in a single layer or a few
atomic layers allows one to directly infer the mechanism of
CI-SH effects.

For SH or CI-SH measurements, it is desirable to use
graphene sheets of large areas because the focused laser spot
for SHG is often as large as tens of micrometers and thus
requires a larger graphene area to accommodate the beam
spot. Moreover, it is desirable to scan the laser spot on a
graphene area with an adequate range of displacement for
accurately comparing SH signals at different measurement
locations. Defect-free single-crystal graphene samples, such as
the flakes produced by the “scotch tape” method (mechanical
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exfoliation from bulk graphite), are usually as small as
several micrometers, and it is difficult to scan the laser beam
on one particular flake. Polycrystalline or epitaxial single-
crystal graphene samples, however, can easily be produced
by growing millimeter-sized graphene films, which are large
enough for scanning SHG to move the laser spot both laterally
and rotationally. Currently, there are mainly two growth
methods to produce large-area crystalline graphene films:
one is the chemical vapor deposition (CVD) of graphene
onto metallic foils, and the other is the epitaxial growth of
single-crystal graphene on single-crystal surfaces of silicon
carbide (SiC). Here, we study the CI-SH effect from large-area
graphene films produced from both growth methods. The CVD
graphene film in this work was first grown on a copper foil
and then transferred onto a SiO2/Si(001) substrate, resulting
in a graphene/SiO2/Si(001) sample. The epitaxial graphene
was grown directly on the vicinal (0001) surface of a 6H

hexagonal SiC substrate by thermal annealing the substrate
in vacuum, which left a carbon layer on SiC, producing a
graphene/vicinal-SiC(0001) sample.

The SH signal in reflection from these graphene/substrate
samples may include both a bulk SH contribution from the
supporting substrate and a surface SH contribution from
the graphene film and the interfaces underneath the film.
Meanwhile, the CI-SH effect from the system may be always
accompanied by the electric field-induced SHG (FI-SH) effect,
because the electric current in graphene is applied through
an external electric field, and thus they are inseparable. The
entanglement of the two SH contributions along with the
two electro-optic effects makes it difficult to identify which
contribution or effect is the primary factor responsible for
enhancement of SHG. Rotational-anisotropy SHG (RA-SH)
is a convenient technique for disentangling different sources
of SHG from the graphene/substrate system. In a typical
RA-SH scan, the SH signal varies with the sample azimuthal
angle because the SHG from the surface or graphene and that
from the substrate interfere constructively or destructively
depending on the sample orientation with respect to the
laser beams. The surface SH contribution from graphene is
isotropic, while the bulk SH contributions from the crys-
talline substrates, such as Si(001) and vicinal SiC(0001),
are anisotropic. The interference of the isotropic and the
anisotropic SH contributions results in modulation of SHG
with the sample azimuthal angle. The interference may amplify
the overall SH intensity and thus increase detection sensitivity,
and it also provides the information for determining both the
amplitude and the phase of the SH field.

Here, we present a comprehensive study of the CI-SH
effect from two graphene/substrate samples: a CVD poly-
crystalline graphene/SiO2/Si(001) sample and an epitaxial
single-crystal graphene/vicinal-SiC(0001) sample. Although
we recently reported the experimental results of CI-SH from
the graphene/SiO2/Si(001) sample in a Letter [30], here we
review those results and contrast them to our new experimental
results of CI-SH from the graphene/vicinal-SiC(0001) sample.
We also provide additional information concerning previous
measurements. Here, the SH signals from the two samples are
normalized in the same way and thus are directly comparable
to each other. We consistently find for both samples that the CI-
SH signal in the reflection configuration from current-biased

graphene varies strongly with the measurement location along
the current flow direction. However, we find that the traces
of variation of SHG with the measurement location appear
different for the two samples. Section II of this paper describes
the sample preparation, the laser system, and the SH detection
system in detail. Section III A describes the experimental
results of CI-SH from the graphene/SiO2/Si(001) sample and
the phenomenological theory of RA-SH for the mechanism
of CI-SH. Section III B describes the experimental results
of CI-SH from the graphene/vicinal-SiC(0001) sample and
the phenomenological theory of RA-SH and CI-SH. In this
section, we also demonstrate that measurements of RA-SH
from the vicinal SiC(0001) substrate allow for determination
of the second-order susceptibility tensor elements of SiC.
Furthermore, we discuss the similarities and differences
between the CI-SH effects observed from the two samples.
Section IV summarizes the conclusions from the CI-SH studies
of both samples.

II. EXPERIMENT

A. CVD graphene growth and electrode patterning

The CVD graphene was grown on a copper (Cu) foil by
chemical vapor deposition using a combined flow of hydrogen
and methane and then transferred onto a SiO2/Si(001) sub-
strate by a polymethyl methacrylate (PMMA)-based method
using common procedures as described elsewhere [31,32].
The SiO2 layer of the Si substrate was 300 nm thick.
Decomposition of the flowing methane onto the Cu foil results
from a surface catalyzed reaction that leaves predominantly
monolayer graphene due to carbon’s insolubility in Cu.
Graphene produced from this procedure is polycrystalline and
consists of domain sizes on the order of several microns. The
domain (grain) size of the graphene film was found from
dark-field transmission electron microscopy. The presence of
monolayer graphene was verified using Raman spectroscopy.
The graphene monolayer covered a �10 × 10-mm2 surface
area on the SiO2/Si(001) substrate.

On top of the CVD graphene/SiO2/Si(001) sample, we
patterned a pair of parallel copper electrodes, separated by
a 1.3-mm gap and aligned in the Si[110] direction (which
lies in the mirror plane of symmetry in Si), through which
electric current is applied into graphene. In order to study
the current-associated FI-SH effect in the sample, we also
deposited a third electrode on the back of the heavily doped
Si substrate for applying a dc bias voltage across the SiO2/Si
interface. These three electrodes resemble the source (S), drain
(D), and gate (G) terminals of an FET structure, but here the
graphene channel is large, allowing RA-SH measurements at
different channel locations.

B. Epitaxial graphene growth and electrode patterning

The epitaxial graphene was grown directly on a crystalline
SiC substrate by the vacuum annealing of SiC at high
temperatures [33,34]. The substrate SiC is a promising material
for microelectronic and optoelectronic applications, especially
in high-power devices because of its high breakdown electric
field. Its endurance to high temperatures and its wide elec-
tronic bandgap also make SiC attractive for nonlinear optical

115310-2



OPTICAL SECOND-HARMONIC GENERATION INDUCED BY . . . PHYSICAL REVIEW B 89, 115310 (2014)

applications, such as frequency conversion of high-power
laser in a wide spectral range. Among the �250 crystalline
structures (polytypes) that have been identified for the material
SiC, the hexagonal polytype 6H is the most commonly
encountered one.

The growth results from the sublimation of Si from the step
edges of the SiC terraces at the surface. In order to have a
high density of step edges on the sample surface to facilitate
the Si sublimation, vicinal 6H -SiC(0001) substrates with a
miscut angle of 3.5° tilting from the [0001] direction toward
the [112̄0] direction were used for the epitaxial growth of
graphene on SiC. During annealing, there is step bunching
of single-layer steps into triple-layer steps that are covered
with single, double, and triple layers of graphene. This was
measured using scanning tunneling microscope (STM) at room
temperature with a final thickness averaging �4 layers of
graphene as determined by the attenuation of the Si-LVV
Auger transition relative to the C-KVV Auger transition. The
initial substrates were oriented with the Si-terminated face
and then cleaned by chemical-mechanical polishing (CMP)
and hydrofluoric acid (HF) etching. After this procedure, they
were annealed at about 900 °C prior to growth in order to
remove the native oxide. The graphene growth was performed
in ultrahigh vacuum at about 1400 °C for approximately
3 min. The growth technique produced a four-layer-graphene
film with a Bernal stacking arrangement [33,34], and the
thickness was determined by in situ STM and confirmed by
Auger methods. The surface area of the graphene film was
3 × 9 mm2, completely covering the front surface of the vicinal
SiC(0001) substrate. To prevent the multiple-reflection effects
inside the sample slab, the back surface of the SiC substrate
was mechanically roughed by sandblasting prior to chemical
cleaning and graphene growth. The sample was examined and
found to be quite uniform due to the heating by direct current
through the SiC substrate with temperature uniform over the
�3-mm area within �30 °C or better, limited by our optical
pyrometer precision.

On top of the epitaxial graphene/vicinal-SiC(0001) sample,
we patterned a pair of parallel copper electrodes, separated by a
2-mm gap and aligned perpendicular to the [112̄0] direction of
the SiC crystal, through which electric current is applied into
graphene. With this geometry of the system, the current flow
direction in graphene is always perpendicular to the step edges
of miscut in the vicinal surface, and the current flow direction
always lies in a mirror plane of symmetry of SiC. These two
electrodes are designated as the source (S) and drain (D) to
analogize them to the top terminals of an FET structure.

C. Laser and detection system

Second-harmonic generation measurements used laser
pulses of 120 fs duration at a repetition rate of 82 MHz pro-
duced from a Ti:sapphire laser. The laser beam was focused to a
30-μm spot on the sample at an incident angle of 45°. The peak
intensity of the laser beam was 2.1 GW/cm2. The laser fluence
was 260 μJ/cm2 per pulse, which was far below the damage
threshold of graphene, reportedly at the level of at least tens of
millijoules per square centimeter per pulse. The SH signal in
reflection from the sample surface was measured in air at room
temperature by a photomultiplier tube (PMT). The sample was

mounted on a rotation stage for rotational-anisotropy SHG
(RA-SH) measurements, producing SH signals varying with
the sample azimuthal angle φ. Both p and s polarizations were
used for either the incident beam or the SH analyzer to separate
different SH components. The pp polarization represents the
p-polarized fundamental and p-polarized SH configuration,
etc. The fundamental wavelength was fixed at 740 nm to match
the E1 critical point transition in Si, so that the interference
between the isotropic SHG from graphene and the anisotropic
SHG from the Si(001) substrate is the strongest [35,36].

For the detection of the SH signal, a set of color glass
filters were placed in the optical path before the PMT to select
the wavelength in the vicinity of the SH light. A bandpass
filter with a 10-nm bandwidth was used to verify whether
the detected light was at the SH wavelength. Special care
was taken to ensure that the photoluminescence light [9] from
graphene that is excited by the laser pulses was not significantly
mixed into the SH signal. In the experiment, the solid angle
for collecting photoluminescence was small (<π/64), and a
spatial filter (iris) in the beam path was able to control the
amount of photoluminescence light into the PMT. The added
PMT signal due to the photoluminescence from graphene was
found to be negligible.

III. RESULTS AND DISCUSSION

A. SHG from graphene/SiO2/Si(001)

The incident laser beam at frequency ω generates a source
of polarization in the medium at the SH frequency 2ω, which
radiates the SH light for the measurement. The second-order
susceptibility tensor χ

(2)
ijk can be introduced to connect the

fundamental field E
(ω)
i and the generated SH field E

(2ω)
i ,

where each subscript i, j , and k can be replaced by x, y,
or z to represent the three crystallographic coordinates [100],
[010], and [001], respectively. The SH polarization P

(2ω)
i in

the medium is given by

P
(2ω)
i = ε0χ

(2)
ijkE

(ω)
j E

(ω)
k , (1)

where ε0 is the permittivity of vacuum, and summation
applies over the repeated indices. The resulting SH intensity
is proportional to the square of the absolute value of the SH
field E

(2ω)
i , while E

(2ω)
i is proportional to the SH polarization

P
(2ω)
i in Eq. (1). The 27 tensor elements of χ

(2)
ijk are often

not independent, and for a crystalline medium in the natural
crystallographic coordinates, most of these tensor elements
become zero because of symmetry. These nonzero tensor
elements are treated as the sources of the SH polarization.

The rotational-anisotropy SHG (RA-SH pattern) can be
predicted by transforming the susceptibility tensor from the
crystallographic coordinates to the beam coordinates using
a transformation matrix. For the sample rotation counter-
clockwise about the z axis by an angle φ, the corresponding
transformation matrix is

R(φ) =
⎡
⎣

cos(φ) sin(φ) 0
−sin(φ) cos(φ) 0

0 0 1

⎤
⎦ . (2)
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FIG. 1. (Color online) (a), (left panel): Measured rotational-anisotropy SHG (RA-SH) scans from the graphene/SiO2/Si(001) sample at
a fixed graphene location for 0 and different negative currents (−0.5, −1.1, and −2.4 A/m). (b), (left panel): The above scans for different
positive currents. The S and D electrodes, measurement location, and definition of the negative/positive current direction are illustrated by the
inset in each panel. Right panel: RA-SH scans at a fixed current I = ±2.4 A/m measured at three different graphene locations: (a) nearby the
S electrode, (b) halfway between S and D, and (c) nearby the D electrode. Measurement locations are illustrated in each panel as an inset.

The tensor in the crystallographic coordinate χ
(2)
ijk is

transformed to that in the beam coordinate χ
(2),b
lmn according

to the tensor transformation rule

χ
(2),b
lmn (φ) = Rli(φ)Rmj (φ)Rnk(φ)χ (2)

ijk, (3)

where summation applies over repeated indices, and Rnk(φ)
indicates the nk element of the matrix in Eq. (2). This
rotational transformation usually introduces onefold, twofold,
and threefold anisotropic SH terms in the forms cos(nφ) and
sin(nφ), where n = 1, 2, or 3, in addition to an isotropic SH
term.

For the graphene/SiO2/Si(001) sample, there are two
possible SH sources of the dipole response: the graphene
film and the SiO2/Si interface, due to the SH polarization
sheets at the surface or interface. The Si(001) surface has a
fourfold rotation axis around the surface normal, and thus its
susceptibility tensor has only three independent nonzero tensor
elements χ (2)

zxx = χ (2)
zyy , χ (2)

xxz = χ (2)
yyz, andχ (2)

zzz. For simplicity, we
use the piezoelectric contracted notation to replace the three
nonzero elements as follows:

d31 = χ (2)
zxx, d15 = χ (2)

xxz, and d33 = χ (2)
zzz. (4)

A single-crystal graphene monolayer has a sixfold rotation
axis around the surface normal, giving it higher symmetry
than Si(001), and thus its susceptibility tensor has the same
structure of elements as that of the Si(001) surface, i.e.
graphene has only three nonzero elements d31, d15, and d33.
The rotational transformation, as described by Eq. (3), of
such a highly symmetric tensor yields an invariant tensor, i.e.
χ

(2),b
lmn (φ) = χ

(2)
ijk . This means that the new tensor in the beam

coordinates is independent of the rotation angle φ. Therefore,

the SH components from both the graphene film and the
SiO2/Si interface are isotropic.

Although there is no SH polarization through the dipole
response in the bulk of Si or SiO2, i.e. χ

(2)
ijk = 0 because

of centrosymmetry, there is still a nonzero source of SH
polarization through higher-order terms, such as the electric
quadrupole response. For Si, the quadrupole SH response in
the bulk is usually much weaker than the dipole SH response at
the surface, but it can be quite significant when constructively
interfering with the surface dipole SH response. The bulk
quadrupole SH polarization can be described by a third-order
susceptibility tensor χ

(3)
ijkl to connect the fundamental field and

the generated SH field [37,38]. For the sample rotation about
the z axis by an angle φ, the tensor in the crystallographic
coordinate χ

(3)
ijkl is transformed to that in the beam coordinate

χ (3),b
opqr according to the tensor transformation rule

χ (3),b
opqr (φ) = Roi(φ)Rpj (φ)Rqk(φ)Rrl(φ)χ (3)

ijkl . (5)

For SHG from the Si(001) face, this rotational transformation
introduces only fourfold anisotropic SH terms in the forms
of cos(4φ) and sin(4φ), in addition to an isotropic SH term.
Therefore, any fourfold rotational anisotropy of SHG from the
graphene/SiO2/Si(001) sample can be entirely attributed to
the bulk quadrupole SH contribution from the Si substrate.

Figure 1(a), (left panel), shows the RA-SH signals measured
at a fixed graphene location near (0.3 mm from) the D
electrode for 0 and different negative currents (−0.5, −1.1,
and −2.4 A/m), and Fig. 1(b), (left panel), shows those
RA-SH signals measured at the same graphene location for
different positive currents. Here, negative current is defined as
the current that flows from S to D, as indicated by the inset of
Fig. 1(a), (left panel). All currents are normalized by the width
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FIG. 2. (Color online) (a) Schematic illustration of the graphene/SiO2/Si(001) sample with patterned electrodes, showing two mirror
planes of symmetry of the system when I = 0. (b) Polar plot of RA-SH scans measured at the central graphene location for a fixed current of
±2.4 A/m, showing kitelike RA-SH patterns. Electric current is in (perpendicular to) the plane of incidence when φ = 90° (0°), as illustrated by
the insets. (c) Schematic illustration of the lateral distribution of local electric field across the SiO2/Si interface, laser sampling ring, definition
of the positive (I > 0) current direction.

of the current-biased graphene and listed in amperes per meter
(A/m). At the maximum current amplitude, the observed SH
signal is enhanced about three times by the current in graphene.
All RA-SH scans show fourfold symmetry because of the
cubic symmetry of the Si(001) lattice. The hexagonal lattice
of graphene will only produce an isotropic SH component, and
moreover, randomly oriented small graphene domains inside
the relatively large beam spot further ensure that any SHG
contribution from graphene is isotropic. The pp-polarized RA-
SH intensity at 2ω frequency from the graphene/SiO2/Si(001)
sample takes the form [24,35]

I (2ω)
pp (φ) = [a0 + a4cos(4φ)]2, (6)

where the coefficients a0 and a4 are the amplitudes of
the isotropic and anisotropic terms, respectively, and φ is
the sample azimuthal angle between the incident plane and
the [110] direction in the Si(001) surface. Note that a4 arises
entirely from the fourfold rotational symmetry of the Si(001)
bulk.

When current flows in graphene, a0 in Eq. (6) may be split
into three terms [38,39],

a0 = aSi
0 + aC

0 +
3∑

n=0

aI
nIcos[n(φ + 90◦)]. (7)

Here, aSi
0 comes from SHG at the SiO2/Si interface, aC

0 is
due to SHG from graphene when I = 0, and aI

n is due to
CI-SH in graphene, where n = 0, 1, 2, or 3. Comparison of
the measured RA-SH scans from bare and graphene covered
SiO2/Si(001) surfaces shows that the SH contribution from
graphene alone is negligible, i.e. aC

0 = 0. This means that
the second-order susceptibility χ (2) = 0 for graphene, even
on a supporting substrate. However, strong third-harmonic
generation has recently been observed on a graphene/glass
sample [14], suggesting a large third-order susceptibility χ (3)

for graphene. All RA-SH patterns in Fig. 1 (left panel) appear
fourfold symmetric, indicating that the observed CI-SH is

isotropic with respect to the sample orientation, i.e. aI
1 , aI

2 ,
and aI

3 = 0 in Eq. (7).
We find that the observed RA-SH pattern from the

graphene/SiO2/Si(001) sample varies strongly with the mea-
surement location, as shown in Fig. 1 (right panel). For a
fixed current direction, the RA-SH pattern undergoes a phase
inversion as the measurement location is shifted along the
current flow direction. The peaks of the RA-SH scan are turned
into valleys as the measurement location is shifted from the
(a) current upstream to (b) midstream to (c) downstream
region. The result means that CI-SH is not a simple function
of current, but rather a function of the local electric field. This
also means that the current-dependent term aI

0 = 0 in Eq. (7).
Figure 1(b), (right panel), shows onefold symmetric RA-SH
scans each with five peaks in the central graphene region;
however, the onefold symmetry is not predicted by Eq. (6).

These unusual onefold RA-SH scans seemingly are pre-
dicted by the current term in Eq. (7), but symmetry consider-
ation of RA-SH also shows otherwise. As shown in Fig. 2(a),
both the [110] and [11̄0] directions are in a mirror plane
of symmetry of the electrode/graphene/SiO2/Si(001) system
when I = 0. However, the [110] direction in Fig. 2(a) is no
longer in a mirror plane of symmetry of the system when I �= 0
because current flow in graphene breaks the mirror symmetry.
Figure 2(b) shows the polar plot of the measured RA-SH
pattern [from the same data in Fig. 1(b), (right panel)] in the
central region of graphene between the S and D electrodes. The
two patterns show a mirror plane of symmetry along the φ = 0
direction, which is, however, off by 90° from the predicted
direction from Eq. (7).

The appearance of the mirror plane of symmetry along
the φ = 0 direction in Fig. 2(b) can be explained by the
lateral distribution of the vertical electric field along the current
flow direction, while the field produces FI-SH at the SiO2/Si
interface [40]. When a RA-SH scan is measured, the laser
spot does not sit on a fixed sample spot, but actually traces
a tiny ring on the sample surface when the sample is rotated
360°. This trace forms a laser sampling ring on graphene,
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FIG. 3. (Color online) (a) Fit coefficients a0 and 4 × a4 of RA-SH patterns in Fig. 1 (left panel) measured at a fixed graphene location
x = 1.00 mm for different current amplitudes and both positive and negative current directions. The measurement location with respect to the S
and D electrodes and the positive current direction are illustrated by the inset. (b) Fit coefficients a0 and 4 × a4 at different graphene locations
x, at a fixed current amplitude I = 2.4 A/m, and for both positive and negative current directions. Note that a sign flip of a0 develops through
a 0.3-mm-wide transition region in the central graphene area.

as schematically plotted in Fig. 2(c), which is caused mainly
by the nonideal alignment of the laser beam off the sample
rotation axis and slightly by the mechanical wobbling of the
rotation stage. The diameter of the laser sampling ring in our
experiments was 0.1 mm, setting a spatial resolution of our
RA-SH measurements as 0.1 mm. For the positive current
in Fig. 2(c), we can assume that there is a vertical electrical
field pointing upward on the S-electrode side but downward
on the D-electrode side. The field is uniformly distributed in
the region close to either electrode but varies abruptly from
the upward to the downward direction in the central transition
region. When the laser sampling ring rides over the transition
region, a half of the RA-SH scan measures the upward field,
and the other half measures the downward field. This situation
will result in a onefold symmetric RA-SH scan that is distorted
from a fourfold symmetric one. The vertical electrical field can
be introduced by two sources: the externally applied field on
graphene and the induced field by the trapped charges at the
graphene/SiO2 interface.

Figure 3(a) shows the Eq. (6) fit coefficients a0 and a4 of the
RA-SH scans in Fig. 1 (left panel) for different current values
and directions. All these RA-SH scans were measured at the
same graphene location x = 1.00 mm. Here, x is defined as the
distance measured from S to D. For the negative current, a0

increases almost linearly with current. For the positive current,
however, a0 crosses zero at I = 0.7 A/m and then linearly
increases in magnitude. Reversing the current direction at a
fixed graphene location can introduce a sign change of a0. The
slight variation of a4 with the current amplitude or direction
suggests that the current in graphene likely affects the SH
response in the Si(001) substrate.

Figure 3(b) shows the Eq. (6) fit coefficients a0 and a4 of
the RA-SH scans as a function of the graphene location x for
a fixed current of ±2.4 A/m. Within 0.5 mm from either S or
D, the RA-SH scans appear fourfold symmetric and thus can
be fit to Eq. (6). Approximately midway between S and D,
the RA-SH scans gradually distort to be onefold symmetric,

with the maximum distortion occurring at the middle location
x = 0.65 mm, as shown in Fig. 2(b). The transition region for
completing a phase inversion is found to be about 0.3 mm wide.
The spatial resolution for determining the transition width is
limited by the diameter of the laser sampling ring, which is
0.1 mm in the experiment. The onefold symmetric RA-SH
scans in the transition region cannot be simply fit to fourfold
symmetric Eq. (6).

As current flows in graphene, a potential difference exists
between graphene and the underneath Si substrate, resulting
in a vertical electric field E, and thus a FI-SH effect across the
SiO2/Si interface [40]. The FI-SH itself can be independently
studied by applying a dc bias voltage between the S (or D)
and G electrodes without applying a current in graphene. The
pp-polarized RA-SH signals in reflection from a measurement
location midway between the S and D electrodes of the
graphene/SiO2/Si(001) sample for zero and the positive bias
voltages (0, 6, 12, 18, and 25 V) are shown in Fig. 4(a), and
those for zero and the negative bias voltages are shown in
Fig. 4(b). Here, positive bias is defined as bias with a higher
voltage on S than G. The RA-SH scans measured at different
locations between the S and D appear about the same in
amplitude and consistently the same in phase. Figures 4(a)
and 4(b) show that switching the bias polarity can cause a
phase inversion of SHG, similar to that of CI-SH.

If an electric field E is present across the SiO2/Si interface,
a0 in Eq. (6) may be split into two terms

a0 = aSi
0 + aE

0 E. (8)

Here, aSi
0 has the same interpretation as in Eq. (7), and aE

0
arises from the FI-SH at the SiO2/Si interface. The bias
field E is proportional to the bias voltage, while the surface
charge (electron) density on graphene is proportional to E.
Figure 4(c) shows the Eq. (6) fit coefficients a0 and a4 of
the RA-SH scans at different bias voltages. For either bias
polarity, a0 increases linearly with the bias magnitude above
6 V, following the prediction of Eq. (8). For positive bias,
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FIG. 4. (Color online) (a) Measured rotational-anisotropy SHG (RA-SH) scans from the graphene/SiO2/Si(001) sample for zero and
different positive bias voltages (+6, +12, +18, and +25 V). (b) The above RA-SH scans for zero and different negative bias voltages. Thin
lines in (a) and (b) are experimental data, and thick smooth curves are Eq. (6) fits. (c) Fit coefficients a0 and 4 × a4 for different bias voltages
and polarities. Linear fits of the bias-dependence of a0 are shown for bias amplitudes above 6 V. The positive bias situation for the measurement
of electric field-induced SHG (FI-SH) is illustrated by the inset.

however, a0 crosses zero at a bias of 5 V. The FI-SH in Fig. 4
resembles the CI-SH in Fig. 1 (left panel) in two respects: the
polarity-correlated phase inversion and the voltage dependence
of a0. In the FI-SH measurements, the graphene monolayer
serves as a transparent electrode for application of a vertical
bias across the SiO2/Si interface. However, the observed
FI-SH results resemble earlier studies when a chromium layer
served as such an electrode [40–42]. Therefore, we attribute the
observed CI-SH from the graphene/SiO2/Si(001) structure to
current-associated FI-SH at the SiO2/Si interface.

As shown in Fig. 3(b), a4 drops roughly 50% as the
graphene location x varies from the downstream to the
upstream region of the current. This drop can be understood
in terms of charge trapping at the graphene/SiO2 interface. In
the current downstream region, negative charges are trapped at
the graphene/SiO2 interface, repelling near-interface electrons
in Si away from the SiO2/Si interface. Therefore, the space
charge region in Si is enlarged and thus a stronger quadrupole
SH contribution is generated from the bulk of Si. This
explanation is corroborated not only by the FI-SH results in
Fig. 4(c), showing a larger a4 under negative bias than positive
bias consistently for all bias voltages, but also by the CI-SH
results in Fig. 3(a), showing a larger a4 when I < 0 than I >

0 consistently for all current values.
The isotropic coefficient a0 varies abruptly with x from pos-

itive to negative in the narrow transition region, corresponding
to polarity switch of the vertical electric field. The downward
field in the current upstream region can be formed by the
potential drop between graphene and the Si substrate, while
this field can be equivalently treated as positive charges at
the graphene/SiO2 interface. The upward field in the current
downstream region can be introduced by trapped negative
chargers (electrons) at the graphene/SiO2 interface. In Eq. (8),
aSi

0 is negligible when E is large, and thus the x-dependent
surface density of trapped charges is proportional to −a0(x).
Figure 3(b) shows that the along-current lateral distribution
of the trapped charges at the current-biased graphene/SiO2

interface appears similar to the electron distribution in a p-n
junction.

The location-dependent voltage applied through top elec-
trodes should be positive everywhere on graphene regardless
of the current direction because the cathode (either S or
D) electrode on graphene and the G electrode on Si were
all grounded in the CI-SH measurements. Assuming that
current-associated FI-SH at the SiO2/Si interface is fully
responsible for the observed CI-SH, we would expect that
the CI-SH patterns measured everywhere on graphene has the
same phase as the FI-SH patterns independently measured
with a positive bias field. In other words, the phase of SHG is
expected to stay the same everywhere along the current flow
direction because the bias field is always positive (downward).
The anode-side RA-SH scans in Fig. 1(b), (left panel), show the
same phase as those in Fig. 4(a), but the cathode-side RA-SH
scans in Fig. 1(a), (left panel), show the opposite phase, which
contradicts the expected behavior. We attribute the opposite
phase of SHG on the cathode side to trapped electrons at
the graphene/SiO2 interface [43,44]. These negative charges
introduce a negative (upward) bias field at the SiO2/Si
interface to reverse the phase of SHG. Charge trapping is
believed to occur at the graphene/SiO2 interface because of
the presence of structural defects, such as domain boundaries
in graphene, and morphological imperfections, such as spatial
gaps between graphene and SiO2 [45,46].

B. SHG from graphene/vicinal-SiC(0001)

Unlike the centrosymmetric diamond structure of Si,
the hexagonal 6H -SiC has a noncentrosymmetric structure;
therefore, SHG due to the electric dipole response is allowed
in the bulk of SiC. The surface of SiC may also contribute
to SHG; however, the bulk SHG contribution will usually
dominate the surface SHG contribution due to the relative size
of the volume that is sampled in the bulk versus at the surface.
Second-harmonic generation due to the quadrupole response
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FIG. 5. (Color online) Measured rotational-anisotropy SHG (RA-SH) scans for four different polarization configurations (pp, sp, ss, and
ps) from (a) the vicinal SiC(0001) substrate and (b) the graphene/vicinal-SiC(0001) sample. The dotted lines are experimental data, and the
smooth curves are Eqs. (9) and (10) fits.

in the bulk of SiC should be much weaker than that due to the
dipole response. To extract the SHG response of the graphene
film on the graphene/vicinal-SiC(0001) sample, it is critical to
understand the dipole SHG response of the SiC substrate.

The SHG susceptibility tensor of the 6H -SiC structure
has only three independent nonzero elements: d33, d15, and
d31, because the crystal structure possesses the point group
6mm. Although they arise from the dipole response in the SiC
bulk, they have the same form of indices as those from the
dipole response at the Si surface, as shown in Eq. (4). These
elements have been previously measured; however, significant
discrepancies still exist among the reported results, and the
reported SH wavelength was mostly at 532 nm [47–53]. Most
previous measurements were performed using the transmission
SHG techniques, mainly including the rotational Maker-fringe
technique and the translational wedge technique [47–53].
Because of the optical transmission, multiple-reflection effects
inside the sample slab had to be carefully considered in order
to accurately derive the tensor elements. In addition, the low
transmittance of the SHG light, because of high-refractive
indices of SiC, often limited the measurable wavelength
range, especially in the ultraviolet region. Using the reflection
geometry for the SHG measurements of SiC, we can not only
avoid the complication from the multiple-reflection effects but
also circumvent the limitation of low optical transmittance.

The SHG in reflection from the normal SiC(0001) surface
is isotropic, i.e. independent of the sample azimuthal angle,
because SHG of the dipole response is not able to resolve the
sixfold rotational symmetry. However, SHG in reflection from
a vicinal SiC(0001) surface, which is miscut off the principal
(0001) face by a small angle, becomes anisotropic, i.e.
dependent on the sample azimuthal angle because the sixfold
rotation axis [0001] is slightly tilted off the surface normal
direction. The epitaxial graphene film on a vicinal SiC(0001)
substrate will only produce an isotropic SH component. The
pp-polarized RA-SH intensity at 2ω frequency from the

graphene/vicinal-SiC(0001) sample takes the form

I (2ω)
pp (φ) = [a0,pp + a1,ppcos(φ)]2, (9)

where the coefficients a0 and a1 are the amplitudes of
the isotropic and anisotropic terms, respectively. Here, φ is
the sample azimuthal angle between the incident plane and the
plane that contains the miscut angle. To be more specific about
the starting angle, we define φ = 0 when the incident beam
faces towards the downstairs direction of the miscut steps in
the vicinal surface. The sp-polarized RA-SH intensity takes
the same form as Eq. (9). The ss-polarized RA-SH intensity
at 2ω frequency from the graphene/vicinal-SiC(0001) sample
takes the form

I (2ω)
ss (φ) = [a1,sssin(φ)]2. (10)

The ps-polarized RA-SH intensity takes the same form as
Eq. (10). Strictly speaking, there should be a twofold term a2

and a threefold term a3 to appear in both Eqs. (9) and (10),
in the same formula as that in the summation term of Eq. (7);
however, the small miscut angle of 3.5° in this work guaranties
that both the twofold and threefold coefficients a2 and a3 are
negligible, as compared to the onefold coefficient a1.

Figure 5(a) shows the measured RA-SH signals for the four
different polarization configurations pp, sp, ss, and ps, from
the vicinal SiC(0001) substrate, and Fig. 5(b) shows those
RA-SH signals from the epitaxial graphene/vicinal-SiC(0001)
sample. As shown, the pp-polarized SH signal at the peak
is enhanced about 55% by the growth of epitaxial graphene,
while the sp-, ss-, and ps-polarized SH signals at the peaks are
consistently diminished about 40%. The result means that the
growth of epitaxial graphene on SiC introduces a significant
amount of modification to surface SHG. The anisotropic
coefficients a1,pp in Eq. (9) and a1,ss in Eq. (10) should arise
entirely from the SiC substrate, while the isotropic coefficient
a0,pp in Eq. (9) may come from both the graphene film and the
SiC substrate. With epitaxial graphene on SiC, a0,pp in Eq. (9)
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TABLE I. Fit coefficients a0 and a1 of the measured RA-SH scans
from the vicinal SiC(0001) substrate and those fit coefficients from
the graphene/vicinal-SiC(0001) sample for four different polarization
configurations: pp, sp, ss, and ps.

Sample a0,pp a1,pp a0,sp a1,sp a1,ss a1,ps

SiC −7.62 −3.82 4.23 −0.98 2.71 1.40
Graphene/SiC −9.51 −4.46 3.46 −0.76 2.38 1.20

may be split into three terms

a0,pp = aC
0 + a

C/SiC
0 + aSiC

0 . (11)

Here, aC
0 arises from graphene only, a

C/SiC
0 arises from the

graphene/SiC interface, and aSiC
0 arises from the SiC substrate.

The solid smooth curves in Fig. 5 are Eqs. (9) and (10) fits to
the data. The good agreement between the fits and the data
suggests high quality of the 6H -SiC crystal structure as well
as appropriateness of truncating the twofold and threefold
terms in the fit Eqs. (9) and (10). We note that the miscut
directions (downstairs or upstairs) of the vicinal SiC(0001)
can be determined simply by examining the sp-polarized
RA-SH scan in Fig. 5(a) without knowing any value among
d33, d15, and d31. This RA-SH scan also provides a technique
for measuring the miscut angle of vicinal SiC(0001) substrates.

Table I shows the Eqs. (9) and (10) fit coefficients a0 and
a1 of the measured RA-SH scans from the vicinal SiC(0001)
substrate and the graphene/vicinal-SiC(0001) sample for four
different polarization configurations pp, sp, ss, and ps. Both
a0 and a1 are linear functions of the three susceptibility tensor
elements d31, d15, and d33, and linear functions of the refractive
indices of SiC. The fit coefficients in Table I are proportional
to the SH field, while the SH field is proportional to the square
root of the measured SH intensity. Therefore, to solve for the fit

coefficients from the SH intensity, there is a ± sign ambiguity
for each of the four anisotropic fit coefficients a1 in Table I.
For consistency, we choose a1,sp to be negative based on our
numerical simulation result that a positive d31 gives a negative
a1,sp as the multiplication factor before the fundamental field
of light when φ = 0. The relative sign between a1 of different
polarizations and the relative sign between a0 and a1 of either
pp or sp polarization are determined from the same simulation
result.

Comparing a0 and a1 from the bare SiC substrate and those
from the graphene covered SiC, we find that a1 of all four
polarizations are clearly modified by the graphene growth,
while Eqs. (9) and (10) predict that all a1 should not be
modified, if we assume that the change of SHG arises entirely
from graphene. The result means that the graphene-induced
change of SHG arises from the graphene/SiC interface because
the SH contribution from the graphene/SiC interface has the
same rotational anisotropy as that from the SiC bulk and thus is
able to contribute a onefold anisotropic term a1. With epitaxial
graphene on SiC, a1,pp in Eq. (9) may be split into two terms

a1,pp = a
C/SiC
1 + aSiC

1 . (12)

The growth of epitaxial graphene introduces a
C/SiC
0 �= 0 and

a
C/SiC
1 �= 0, while the SH term arising from the epitaxial

graphene film can be set as zero, i.e. aC
0 = 0. With epitaxial

graphene on SiC, a1,sp, a1,ss , and a1,ps may also be split into
two terms, similar to those in Eq. (12).

Figure 6 shows the measured pp-polarized RA-SH scans at
three different measurement locations on the graphene/vicinal-
SiC(0001) sample: (a) nearby (0.2 mm from) the S electrode,
(b) halfway between S and D, and (c) nearby (0.2 mm from) the
D electrode. At each measurement location, the three RA-SH
scans in each panel correspond to three different current
values in graphene: no current (I = 0), positive current at

FIG. 6. (Color online) Measured pp-polarized rotational-anisotropy SHG (RA-SH) scans from the graphene/vicinal-SiC(0001) sample
when current I = 0 and ±23 A/m (I > 0 and I < 0) in graphene for three different measurement locations (as illustrated by an inset in each
panel): (a) nearby the S electrode, (b) halfway between S and D, and (c) nearby the D electrode. The S and D electrodes, measurement location,
and definition of the negative current (I < 0) are illustrated as an inset in panel (a). The dotted lines are experimental data, and the smooth
curves are Eq. (9) fits.
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I = +23 A/m, and negative current at I = −23 A/m. For a
fixed current direction, we find that the CI-SH signal increases
as the measurement location is shifted from the current
downstream to the upstream. The peak SH signal in Fig. 6
is enhanced about 25% by the current flow in graphene. The
variation of CI-SH with the measurement location means that
the observed CI-SH signal is not solely a function of current.
This means that CI-SH in the graphene/vicinal-SiC(0001)
sample is not correctly described by the summation term
in Eq. (7). The anode-side CI-SH of the positive current is
essentially equivalent to the cathode-side CI-SH of the negative
current. The result indicates that the location-dependence
of CI-SH arises from the current flow, rather than sample
nonuniformity. For either current direction, the cathode-side
CI-SH signal is only slightly greater than the static SH signal
when there is no current in graphene. The result indicates that
the observed CI-SH effect arises from the current-associated
FI-SH effect at the graphene/SiC interface, where a vertical
electric field is accompanied by the current flow. The slight
enhancement of the cathode-side CI-SH can be attributed to the
close-to-zero vertical electric field there. Note that the cathode
electrode on graphene and the SiC substrate were grounded
during the CI-SH measurements.

Measurements of the CI-SH effect from the
graphene/vicinal-SiC(0001) were also performed for the
other three orthogonal polarization configurations sp, ss, and
ps, but our results (data of RA-SH scans not shown) indicated
that a large current of I = 23 A/m in graphene could only
introduce a negligible amount of change to the CI-SH signal.
In addition, our results of the current dependence of CI-SH
(data not shown) indicated that the current-induced change
of the peak RA-SH signal for the pp-polarization increases
quadratically with the current amplitude.

Table II shows the Eq. (9) fit coefficients a0,pp and a1,pp

of the measured RA-SH scans in Fig. 6 at three different
measurement locations on the graphene/vicinal-SiC(0001)
sample: nearby (0.2 mm from) the S electrode, halfway
between S and D, and nearby the D electrode. At each
measurement location, a pair of a0,pp and a1,pp are tabulated
for three different current values in graphene: no current
(I = 0), positive current at I = +23 A/m, and negative current
at I = −23 A/m. The minus signs of the two coefficients in
Table II are chosen for consistency with the set of signs in

TABLE II. Equation (9) fit coefficients a0,pp and a1,pp of the pp-
polarized RA-SH scans in Fig. 6 measured from the graphene/vicinal-
SiC(0001) sample at three different measurement locations: nearby
the S electrode, halfway between S and D, and nearby the D electrode.
At each measurement location, three pairs of coefficients respectively
correspond to three different current values: no current (I = 0),
negative current (I < 0) at I = −23 A/m, and positive current (I >

0) at I = +23 A/m.

I < 0 I = 0 I > 0

Location a0,pp a1,pp a0,pp a1,pp a0,pp a1,pp

Nearby S −10.82 −4.72 −9.58 −4.31 −9.87 −4.51
Halfway −10.30 −4.65 −9.57 −4.38 −10.20 −4.69
Nearby D −9.83 −4.49 −9.59 −4.32 −10.71 −4.79

Table I. Although both a0,pp and a1,pp in Table II are apparently
enhanced by current, the magnitude of enhancement is much
less than that by epitaxial growth. With current in epitaxial
graphene, the pp-polarized RA-SH intensity at 2ω frequency
from the graphene/vicinal-SiC(0001) sample can be written
into the form

I (2ω)
pp (φ) = [

a
C/SiC
0 + aSiC

0 + aI
0Ix

+(
a

C/SiC
1 + aSiC

1 + aI
1Ix

)
cos(φ)

]2
. (13)

Here, x is defined as the distance measured from the cath-
ode to the anode electrode on graphene. The terms aI

0Ix

and aI
1Ix arise from the current-associated electric field at

the graphene/SiC interface, which then produces a FI-SH
contribution to enhance surface SHG. Our results of CI-SH
measurements at several different graphene locations between
the S and D electrodes (data not shown) indicated that the two
current-dependent terms are indeed linearly proportional to x.
This means that the vertical electric field at the graphene/SiC
interface increases linearly with the distance from the cathode
to the anode electrode.

From the fit coefficients a0 and a1 in Table I, we can
solve for the relative values of the three susceptibility tensor
elements d33, d15, and d31. Since both a0 and a1 are linear
functions of these three elements, it seems that in theory a
set of values d33, d15, and d31 will be uniquely determined
from any three of the six tabulated coefficients. However,
this is not the case because the ± sign ambiguity of each
a1 may produce many different sets of possible solutions.
In practice, we firstly solve for d31 from a1,sp because a1,sp

is predominantly determined by d31. We secondly solve for
d15 from a1,ss because a1,ss is predominantly determined by
both d15 and d31. Finally, we solve for d33 from a0,pp and
simultaneously resolve the ± sign ambiguity by examining the
values of the remaining coefficients a1,pp, a0,sp, a1,ps through
a trial-and-error process. Another way to solve for d15 is to
use the 45°-in/s-out polarization configuration for RA-SH
measurements, in which the corresponding fit coefficients a0

and a1 are predominantly determined by d15. This allows the
amplitude of d15 extracted from a1,ss to be cross checked.

The absolute values of d33, d15, and d31 can be obtained
by calibrating the RA-SH signals from the vicinal-SiC(0001)
sample to the RA-SH signals from z-cut quartz [20]. Quartz
is used as the reference for SHG because its bandgap is well
above the SH photon energy and also because its linear and
nonlinear susceptibilities are well known. In particular for
the sp polarization, the RA-SH intensity from z-cut quartz
is proportional to the square of d11 (χ (2)

xxx) for quartz, while
the RA-SH intensity from vicinal SiC(0001) is proportional
to the square of d31 for SiC. For quartz, the tensor element
d11 = 0.8 pm/V, the refractive indices n(ω) = 1.545 at 740 nm
and n(2ω) = 1.569 at 370 nm [54]. For SiC, the refractive
indices n(ω) = 2.635 at 740 nm and n(2ω) = 2.840 at
370 nm [55]. Using these known values and measured SH
intensities, we find the tensor element d31 = 18.7 pm/V for
SiC at the SH wavelength of 370 nm. The remaining two
tensor elements d33 and d15 are obtained by calibrating to d31.
For the graphene/vicinal-SiC(0001) sample, we include the
surface/interface SHG components into the bulk SHG from
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TABLE III. Measured second-order nonlinear optical suscepti-
bility tensor elements d33, d15, and d31 of 6H -SiC at the fundamental
wavelength of 740 nm, effective susceptibility tensor elements of
surface SHG from the graphene/vicinal-Si(0001) sample, effective
susceptibility tensor elements of surface SHG from the current
upstream region of the graphene/vicinal-Si(0001) sample when a
current of I = 23 A/m flows in graphene, and previously reported
values of these elements at the fundamental wavelength of 1064 nm.

Sample; wavelength d33 (pm/V) d15 (pm/V) d31 (pm/V)

SiC; 740 nm −52.0 20.0 18.7
Graphene/SiC; 740 nm −135.8 18.5 14.6
Graphene/SiC (current

upstream region of
I = 23 A/m); 740 nm −199.0 18.5 14.6

SiC; 1064 nm,
Sato et al. (2009) [48] −12.5 6.5 6.7

the SiC substrate and treat them as a whole piece to obtain a
set of effective tensor elements d33, d15, and d31 for simplicity.
For the graphene/vicinal-SiC(0001) sample without or with
current bias in graphene, we summarize the values of d33, d15,
and d31 in Table III. In extracting the values of these tensor
elements, we have removed the contribution of the Fresnel
factors (linear optical response) to the SH light.

The measured values of d33, d15, and d31 at the fundamental
wavelength of 740 nm are �3 to 4 times larger than previ-
ously reported values of these elements at the fundamental
wavelength of 1064 nm [48]. This seems reasonable because
stronger nonlinear optical response is expected when the SH
light approaches the resonant absorption region of SiC. Our
value of d33 = −52 pm/V of SiC measured at 740 nm,
however, nearly agrees on a previously reported value of
d33 = −50 pm/V measured at 1064 nm [52]. In extracting
the previous value of d33 = −50 pm/V at 1064 nm [52],
the Kleinman symmetry condition d15 = d31 was used for
simplicity. The condition seems approximately valid, as d15

� d31 for bulk SHG in SiC, but becomes discrepant when
surface SHG is significantly involved, as shown in Table III.
Some reported values of d33, d15, and d31 had been listed in a
previous table [48].

The presence of epitaxial graphene leads to a 2.6-times
increase of d33 but a slight decrease of both d15 and d31.
The result indicates that the growth of graphene on SiC
introduces or strengthens the aligning of vertical bonds at
the graphene/SiC interface that are easily hyperpolarized in
the surface normal direction. The flow of electric current in
graphene leads to additional 1.5-times increase of d33 but
almost no change to both d15 and d31. The result indicates that
the vertical electric field that accompanies the current flow in
graphene is responsible for enhancement of SHG, while the
horizontal electric field, which is much weaker, seems to have
a negligible effect on CI-SH.

At the graphene/vicinal-SiC(0001) interface, there should
be a buffer layer between pure graphene and the SiC substrate
[56–58], which may introduce a SH component with a strength
comparable to that from the SiC bulk. The buffer layer
includes a carbon interface layer underneath real graphene,
which possesses a graphitelike (sp3 bonded) atomic structure

[58] and is covalently bound to the SiC substrate and thus
does not behave electronically like graphene. Underneath
the carbon interface layer, the buffer layer also includes a
layer of Si atoms, which includes Si atoms with dangling
bonds and Si atoms with Si-C bonds to link the carbon
interface layer. Such a buffer layer does not exist in the
graphene/SiO2/Si(001) sample, and thus no enhancement of
SHG is observed on the CVD graphene transferred onto a
SiO2/Si substrate. However, there is probably a transition gap
between the transferred CVD graphene and SiO2, though small
enough for van der Waals interactions, to form microcapacitors
for charge trapping to build up a vertical electric field for
producing FI-SH at the SiO2/Si interface. In the experiment,
the introduction of the buffer layer enhances SHG about
55% on the graphene/vicinal-SiC(0001) sample, while current-
associated FI-SH in the buffer layer enhances SHG another
25%. The buffer layer is believed to consist of a combination
of sp2- and sp3-bonded carbon [56–59], while pure graphene
consists of only sp2-bonded carbon. A strong SH component
from the buffer layer but none from graphene suggests that the
enhancement of CI-SH from the graphene/vicinal-SiC(0001)
sample originates from the sp3 bonds of carbon in the buffer
layer.

The lateral distribution of the vertical electric field for the
graphene/SiO2/Si(001) sample shows a steplike function of
the measurement location x in the central graphene region,
as shown in Fig. 3(b); however, the vertical electric field
for the graphene/vicinal-SiC(0001) sample shows a smooth
linear function of x, as indicated by Eq. (13). The difference
between the two samples can be understood in terms of
charge trapping at the graphene/substrate interface. In the
graphene/SiO2/Si(001) sample, there is a significant amount
of structural defects (mostly domain boundaries) between
graphene grains to trap negative charges (electrons) and a
spatial gap between graphene and SiO2 to sustain these trapped
charges. However, in the graphene/vicinal-SiC(0001) sample,
the amount of structural defects in the graphene film is greatly
suppressed, and the structural transition from graphene to SiC
is continuous. The amount of structural defects in graphene
is also expressed by the current density in graphene. For the
same voltage we applied, the CVD monolayer graphene on
SiO2/Si can only carry a current density of I = 2.4 A/m,
but the epitaxial four-layer-graphene film on SiC can carry
a significantly larger current density of I = 23 A/m, which
is still 2.4 times larger if normalized to per monolayer of
graphene.

IV. CONCLUSIONS

We have used two millimeter-sized FET-like structures,
a graphene/SiO2/Si(001) structure and a graphene/vicinal-
SiC(0001) structure, to study the character and mechanism
of CI-SH in graphene. We found that a dc in graphene may
enhance surface SHG about three times for a CVD graphene
monolayer on a SiO2/Si substrate, and about 25% for an
epitaxial four-layer-graphene film on a SiC substrate. For both
the CVD and the epitaxial graphene, we found that the CI-SH
signal varies strongly with the measurement location between
the source and drain electrodes on current-biased graphene.
The location-dependent functions of CI-SH are different for
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the two structures: the graphene/SiO2/Si(001) structure shows
a steplike sharp transition, but the graphene/vicinal-SiC(0001)
structure shows a smooth transition. Through measurements of
FI-SH on the graphene/SiO2/Si(001) structure, we determined
that the CI-SH effect originates from current-associated FI-
SH at the SiO2/Si interface due to charge trapping at the
graphene/SiO2 interface. Through symmetry analysis of CI-
SH on the graphene/vicinal-SiC(0001) structure, we deter-
mined that the CI-SH effect originates from current-associated
FI-SH at the graphene/SiC interface. Our observed variation
of CI-SH along the current direction in graphene means that
the symmetry breaking caused by current flow in graphene
is not the main factor responsible for enhancement of SHG.
The similar behavior of CI-SH for both the CVD graphene
and the epitaxial graphene in this work suggests that the
CI-SH effect in materials is likely due to current-associated
electric field-effects. Through RA-SH measurements of the
vicinal SiC(0001) substrate, we also determined all three
susceptibility tensor elements (d33 = −52.0 pm/V, d15 =
20.0 pm/V, and d31 = 18.7 pm/V) that characterize the second-
order nonlinear optical response of hexagonal SiC at the
fundamental wavelength of 740 nm. For the graphene/vicinal-
SiC(0001) sample, we further determined the three effective
susceptibility tensor elements (d33 = −135.8 pm/V, d15 =
18.5 pm/V, and d31 = 14.6 pm/V) for surface SHG, and

finally found that the tensor element d33 can be enhanced to
as large as d33 = −199.0 pm/V by the flow of a large electric
current in epitaxial graphene. We demonstrate that scanning
RA-SH is a phase-sensitive probe for characterizing electric
current and charge distribution in graphene based devices, and
our results of CI-SH suggest a means for combining high
electron mobility in graphene with large FI-SH nonlinearity in
the graphene/substrate systems to result in new optoelectronic
devices.
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