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ABSTRACT 

Missing second-order nonlinearity in centrosymmetric graphene overshadows its intriguing optical 

attribute. Here, we report redox-governed charge doping could effectively break the 

centrosymmetry of bilayer graphene (BLG), enabling a strong second harmonic generation (SHG) 

with a strength close to that of the well-known monolayer MoS2. Verified from control 

experiments with in situ electrical current annealing and electrically gate-controlled SHG, the 

required centrosymmetry breaking of the emerging SHG arises from the charge-doping on the 

bottom layer of BLG by the oxygen/water redox couple. Our results not only reveal that charge 

doping is an effective way to break the inversion symmetry of BLG despite its strong interlayer 

coupling but also indicate that SHG spectroscopy is a valid technique to probe molecular doping 

on two-dimensional materials.  

Responses of a material to an applied optical field E(t) are governed by the polarization 

P(t)=ε0[χ(1)E(t)+χ(2)E(t)E(t)+χ(3)E(t)E(t)E(t)+...], where χ(1), χ(2), and χ(3) are the linear and second- 

and third-order nonlinear susceptibilities. Benefiting from the unique linear dispersion and 
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massless Dirac fermions,1 graphene represents an attractive optical material for both linear and 

nonlinear optics. In the linear optical regime, a single layer of graphene has a universal absorbance 

(determined by the imaginary part of χ(1)) of 2.3% from the visible to the mid-infrared.2 In the 

nonlinear optical regime, graphene permits enhanced nonlinear optical effects over a wide spectral 

range due to the interband optical transition and the low density of states around the Dirac point.3 

This enables relatively high χ(3) (10-7 esu),4 giving rise to strong third harmonic generation (THG)5 

and four-wave-mixing4 for high-contrast optical microscopy and visible light source. In addition, 

graphene’s single-atom thickness and linear dispersion with a high Fermi velocity allow effective 

tuning of its Fermi energy through electrostatic gating,6 promising electrically controlled optical 

responses.7 For example, the prohibition of linear optical absorption3,8 and enhanced χ(3) in 

graphene by 1 order of magnitude by controlling the Fermi level were realized.9,10 

Unfortunately, the absence of second-order nonlinearity in the centrosymmetric graphene 

overshadows its decent optical responses, considering χ(2) is more attractive than χ(3) due to the 

much higher coefficient. Numerous efforts have thus far been made to pursue χ(2) in graphene. In 

monolayer graphene (MLG), χ(2)-supported second harmonic generation (SHG) is possible when 

the surface dipole11 or the radiation wave vector12 is taken into account. With the assistance of an 

in-plane photon wavevector, SHG with an electric-quadrupole response was realized in highly 

doped graphene.13 In bilayer graphene (BLG), it is theoretically proposed that an in- or out-of-

plane electric field can be applied to break the inversion symmetry,14,15 giving rise to weak χ(2)-

supported SHG. In accidental areas of exfoliated trilayer graphene, if the stacking order is ABA 
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(Bernal-type), electric-dipole-enabled SHG is allowed because the D3h symmetry has no inversion 

center.16 By artificially stacking two graphene monolayers with precisely controlled twisted 

angles, it is also possible to obtain a two-dimensional system without centrosymmetry for SHG.17 

These symmetry breakings in graphene for SHG are mostly achieved by an external electric field 

or intentional stacking. 

Here, we report a simple strategy to realize remarkable χ(2) in naturally AB-stacked BLG via 

redox-governed charge doping. With annealing treatment of the pristine BLG, oxygen (O2) and 

water (H2O) molecules are adsorbed at the interface of BLG and hydrophilic SiO2, which induces 

an interlayer built-in electric field and inversion symmetry breaking. It is confirmed by control 

experiments with in situ electrical current annealing and electrically controlled SHG intensity, 

combined with polarization-resolved SHG measurements. The emerging SHG signal from the 

charge-doped BLG is comparable to that measured from the monolayer molybdenum disulfide 

(MoS2), indicating that redox-governed charge doping is an effective way to break the inversion 

symmetry of BLG in spite of its strong interlayer coupling. Our results also reveal that SHG 

spectroscopy is a more reliable technique to determine the molecular induced charge doping on 

two-dimensional materials than the widely employed Raman, photoluminescence, and pump-

probe spectroscopies.  

We fabricate the BLG sample via standard mechanical exfoliation onto a heavily doped silicon 

substrate covered with a silicon oxide layer of 285 nm thickness. Figure 1a shows the optical 
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microscope image of an exfoliated graphene sample consisting of both MLG and BLG, which are 

confirmed by the optical contrast method18 and Raman spectroscopy19 (Figure S1). 

 

Figure 1. (a) Optical microscope image of the as-prepared graphene sample. (b) Frequency up-

conversion spectra from different regions of the as-prepared graphene sample. (c) Spatial mapping 

of NPL signal from the as-prepared graphene sample. (d) Frequency up-conversion spectra from 

the MLG and BLG regions of the annealed graphene sample. SHG signal from a ML MoS2 is 

shown as well for comparison. (e) The log-log plot of the SHG intensity from the BLG as a 

function of incident laser power, showing a linear fit with the extracted slope of 1.99±0.13. (f) 

SHG spatial mapping of the annealed graphene sample. 

We first characterize the as-prepared graphene sample on a home-built multiphoton nonlinear 

optical microscopy system. A picosecond pulsed laser at the wavelength of 1550 nm is chosen as 
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the fundamental pump radiation. More details about the optical setup can be seen in Figure S2. 

Figure 1b displays the acquired frequency up-conversion optical spectra from the regions of MLG 

and BLG shown in Figure 1a. No SHG but only broadband nonlinear photoluminescence (NPL) 

can be observed from MLG and BLG.20,21 Then the graphene sample is mounted on a two-

dimensional piezoactuated stage for spatial mapping of the NPL signal, as shown in Figure 1c. 

Clear regions with different intensities are distinguished from the MLG and BLG. The thicker 

BLG has stronger NPL than the MLG, and both of them have uniform distributions. 

As well studied in the past decade, with a high-temperature vacuum annealing, graphene 

becomes more hole-doped after exposure to air due to the oxygen reduction reaction (ORR).22–25 

To introduce the O2/H2O redox couple in BLG-SiO2, we then anneal the as-prepared graphene 

sample in a vacuum furnace at 200 ℃ for 30 min and then expose it to an air ambient. This 

annealing condition introduces no additional defects in graphene,26 which is verified by the Raman 

spectra without the defect-related D band (see Figure S3). After that, the frequency up-conversion 

signals are acquired again, as shown in Figure 1d. From the region of BLG, there is a strong peak 

at the wavelength of 775 nm over the broadband NPL background (red curve). We note here that 

the defects caused by high laser power in the SHG test can be observed, but no SHG was observed 

at the corresponding position, as shown in Figure S3. That is, the defects cannot give rise to SHG. 

To examine the origin of this peak, the dependence of its intensity on the pump power is measured, 

as shown in Figure 1e. A linear slope of 1.99±0.13 is obtained in the log-log scale, which is 

consistent with the SHG process that two photons of the fundamental pump laser convert into one 
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photon of the SHG signal. On the contrary, from the region of MLG, only broadband NPL is 

observed. 

To evaluate the strength of the obtained SHG from the BLG, we also measure the SHG from a 

monolayer MoS2 (ML MoS2) with the same pump conditions, as shown in Figure 1d. The intensity 

of the emerging SHG signal from the BLG is about 40% of that from ML MoS2. Though the SHG 

from the BLG is weaker than that from the ML MoS2, their similar strengths indicate that the 

doping-induced χ(2) from BLG is comparable to that of the widely studied ML MoS2, which is well 

recognized with large χ(2).27 In other words, the charge doping breaks the inversion symmetry of 

BLG effectively.  

The charge doping enabled SHG from the BLG is further illustrated by implementing its spatial 

mapping. The mapping result after annealing is displayed in Figure 1f after subtracting the NPL 

background, showing a clear and continuous region with an obvious SHG signal from the BLG. 

No SHG is observed from the MLG. It also implies the uniformity of charge doping.  

To verify that the observed remarkable SHG from the BLG is induced by the redox-governed 

charge doping of O2 and H2O molecules, we carry out control experiments by measuring the 

variations of SHG signal from the BLG when it is in situ annealed by an electrical current-induced 

Joule heat. As shown in Figure 2a, a BLG field effect transistor (FET) is fabricated. Two gold (Au) 

pads are contacted at two sides of the graphene sheet as the electrical drain and source electrodes. 

The highly doped silicon substrate functions as the global back gate. In the optical measurements, 

the fabricated BLG FET is loaded in a gas-flowed chamber, which has a top glass window to allow 
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the transmissions of the pump laser and SHG signal, as schematically shown in Figure 2b. When 

a large electrical voltage (Vds) is applied across the drain and source electrodes, the BLG sheet 

could generate considerable Joule heat to anneal itself,28 which allows the in situ monitoring of 

SHG variations from the BLG.  

 

Figure 2. (a) Optical microscope image of the BLG FET. (b) Schematic diagram (side view) of 

the experimental setup for in situ monitoring variations of BLG’s SHG during electrical current 

annealing. (c) SHG spectra of the BLG acquired before the current annealing (blue curve), after 

the current annealing in N2 environment (red curve), and after the re-exposure in ambient air (black 

curve). (d) Electrical transport properties of BLG FET (electrical resistance versus gate voltage) 
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acquired before the current annealing (blue curve), after the current annealing in N2 environment 

(red curve), and after the re-exposure in ambient air (black curve). The Rds range of the red curve 

is enlarged and displayed on the right y-axis for clear comparison with the charge neutral points 

of other curves. 

We characterize the variations of BLG’s SHG in three steps. In the first step, we measure the 

SHG from the as-fabricated BLG FET before the electrical annealing. The result is shown as the 

blue curve in Figure 2c. Here, during the fabrication of the FET device, at the final process, we 

anneal it in a vacuum furnace at 200 ℃ for 30 min and then expose it to ambient air, which is 

expected to introduce adsorption of O2 and H2O molecules. Similar to the result in Figure 1b, a 

remarkable SHG signal is observed from the BLG. 

In the second step, an electrical bias Vds of 12 V is applied on the FET, and nitrogen (N2) gas is 

flowed through the chamber simultaneously to establish an inert environment. The electrical 

current across the BLG channel becomes larger than 7 mA. This translates into a large current 

density of about 108 A/cm2. The corresponding Joule heat is large enough to remove the adsorbed 

molecules on graphene.28 After electrical heating for 2 min, the Vds is switched off, while the N2 

environment is maintained. The SHG spectrum of the BLG device is measured again, as shown in 

the red curve of Figure 2c. With the same SHG measurement condition as that used for the blue 

curve in Figure 2c, the signal peak at the wavelength of 775 nm is almost unobservable. The SHG 

intensity is reduced to 20% of that before electrical annealing, which could be attributed to the 
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removal of O2 and H2O molecules with the high-temperature annealing by the current-induced 

Joule heat, as discussed above. However, when the sample is cooled to room temperature in the 

N2 environment, the N2 molecules induce much weaker charge doping on the graphene sheet, 

which cannot break the intrinsic inversion symmetry of BLG.24 Consequently, no remarkable SHG 

is expected. 

In the third measurement step, after cutting off the N2 flow, the chamber is opened to expose the 

BLG sheet in the air ambient. With the constant SHG measurement condition as that in the above 

two steps, the SHG signal from the BLG is acquired, as shown in the black curve of Figure 2c. A 

strong signal peak presents at the wavelength of 775 nm, indicating the emerging SHG induced by 

the readsorbed O2 and H2O molecules. 

As discussed above, the emerging SHG from the BLG is given by the inversion symmetry 

breaking induced by the redox-governed charge doping on graphene which could also be verified 

by measuring the electrical transport properties of the fabricated BLG FET.22 Figure 2d shows the 

variations of electrical resistance (Rds) of the BLG sheet under different gate voltages (Vbg) 

acquired in the three steps defined in the above SHG measurements. In the first step, Rds of the as-

fabricated BLG FET before the current annealing is measured and shown as the blue curve in 

Figure 2d. The charge neutral point is larger than Vbg=50 V, indicating heavy hole-doping in BLG 

after vacuum annealing and exposure to ambient air. The hole concentration of the BLG is 

calculated as larger than n~3.6×1012 cm-2 using the equation n=CbgVbg/e, as in ref. 22. 
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In the second step, the transfer curve of the BLG FET is measured again in the N2 atmosphere 

after the electrical current annealing for 2 min, as shown in the red curve of Figure 2d. The charge 

neutral point shifts to less than Vbg=15 V, indicating that the BLG sample is only slightly p-doped 

where the hole concentration is calculated as less than n~1.08×1012 cm-2. That is, the O2 and H2O 

molecules are removed by the Joule heat during the current annealing. N2 in the chamber has hardly 

any doping effect on BLG.  

In the third step, after the N2 flow is cut off and the chamber is opened, the measurement of the 

transfer curve is carried out. As shown in the black curve of Figure 2d, the charge neutral point of 

the FET transfer curve shifts back to be larger than 50 V, which means O2 and H2O molecules in 

the air are readsorbed. It is concluded that, when the annealed BLG is exposed to air, the O2 

adsorption induces hole doping as well as the emerging strong SHG. 

Here, we explain that the hole doping of graphene is governed by the ORR involving oxygen 

and water,  

 2 2O  + 4H  + 4e 2H O+ − ↔ , (1) 

where electrons are taken from graphene. As well studied in ref. 25, the graphene-SiO2 interface 

will be hydroxylated by thermal activation, which renders the SiO2 surface hydrophilic enough to 

bind a certain amount of H2O molecules. When the annealed graphene-SiO2 is exposed to the 

ambient air, the O2 molecules in the air diffuse through the interface of the graphene-SiO2, as 
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illustrated in Figure 3a. The ORR mainly takes electrons from the bottom layer of BLG, resulting 

in the hole doping of graphene.  

The above analysis indicates that the charge transfer (CT) between the O2/H2O redox couples 

and the bottom layer of BLG gives rise to the unbalanced charge concentration between the top 

and bottom monolayers. Consequently, a charge doping induced interlayer electric field (Einduced) 

is present between the top and bottom layers,29 which is approximately perpendicular to the 

graphene surface, as schematically shown in Figure 3b. The inversion symmetry in BLG is broken 

due to the interlayer electric field and the inequivalent potentials of the two layers.30,31 For pristine 

BLG with inversion symmetry, which belongs to the D3d point group,32 all χ(2) elements are zero 

and the SHG vanishes. However, with the unbalanced charge concentration and inequivalent 

potentials between the top and bottom graphene layer, the inversion symmetry is broken, which 

converts it into the C3v point group.31,33 As a result, nonvanishing χ(2) elements emerge and the 

SHG is nonzero. 
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Figure 3. (a) Scheme for major diffusion routes of O2 responsible for ORR. (b) Schematic diagram 

of the doping-induced electric field (Einduced) in BLG. Different colors in the top and bottom 

graphene layers indicate different charge doping levels induced by ORR. (c) Polarization-resolved 

patterns of SHG intensity from the BLG sample. The circles and dots are the measured SHG signal, 

and the curves are the function fittings. 

The polarization dependences of SHG from the charge-doped BLG are further studied. Figure 

3b shows the polarization-resolved SHG patterns where the polarizations of the excitation and 

signal beams are parallel and perpendicular, respectively. Note that the dependence of the SHG 

electric field on crystallographic orientation exhibits 3-fold rotational symmetry under normal 

incidence, following the lattice symmetry of the C3v point group. The parallel and perpendicular 

components of the SHG intensities could be described as 

( ) ( )( )2
|| 222 sin 3I dω θ∝                          (2) 

and 

( ) ( )( )2
222 cos 3I dω θ⊥ ∝ −                         (3) 

respectively (see Supporting Information for detailed calculation process). Here, d22 is the 

responsible χ(2) susceptibility tensor element34 and θ is the angle between the armchair direction 

and the excitation polarization.35 Equations (2) and (3) are used to fit the SHG polarization 

dependence, as shown in the solid lines in Figure 3b, which confirms that doped BLG belongs to 
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the C3v point group. That is, the ORR-induced interlayer built-in electric field in BLG effectively 

breaks its inversion symmetry and gives rise to the strong SHG.  

To confirm the locations of dopants and the direction of the built-in electric field, this ORR-

induced SHG has been electrically tuned with a back-gate of the BLG FET, as shown in Figure 4. 

The top inset is the schematic illustration of the fabricated FET device. The bottom inset shows 

the optical microscope image of the BLG FET. As Vbg increases from -100 V to 100 V, the upward 

electric field induced by Vbg increases, which has the same direction as that of Einduced shown in 

Figure 3b. As a result, the total electric field across the BLG increases, which improves the SHG 

intensity by about 5 times. It makes sense only when the direction of the Einduced is upward, which 

also proves that the dopant is located below graphene. 

 

Figure 4. SHG intensity in BLG as a function of Vbg. Top inset: schematic illustration of the BLG 

FET. Bottom inset: optical microscope image of the BLG FET. Scale bar: 10 μm.  
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For MLG, the ORR could also cause hole doping and symmetry breaking in the graphene layer 

which can be described by the point group C6v.31 However, since electric-dipole-allowed SHG is 

not sensitive to the presence of a Cn rotation symmetry operation with n > 3, no SHG signal is 

expected here.11 In the case of BLG, the interlayer electric field is formed due to the inequivalent 

potentials and strong interlayer coupling between the top and bottom monolayers, resulting in the 

C3v symmetry and the emergence of SHG. We note here that the interlayer coupling plays an 

important role in SHG, which has been demonstrated in the field-induced SHG of the AB-stacked 

MoS2 bilayer36 where the χ(2) is reduced dramatically (> 3 orders of magnitude) by artificially 

doubling the interlayer distance. 

Besides SHG, the change of THG intensity upon charge doping by ORR has also been examined 

in our experiments, which is also shown in Figure S4. The charge doping by ORR on the graphene 

has little influence on the THG intensity of BLG since the doping is not high enough to shift the 

Fermi level to alter the χ(3) of graphene.9,10 

Following the initial experiments of BLG samples prepared by mechanical exfoliation, we also 

test the SHG characteristics of a BLG sample synthesized by the copper-catalyzed chemical vapor 

deposition (CVD) technique. The results are shown in Figure S5. SHG appeared in CVD-grown 

BLG after annealing and being exposed to air, but there was no SHG in freshly prepared samples. 

This shows that the charge doping induced SHG is also valid on the CVD-grown BLG samples, 

which provides a way to prepare large-scale BLG with strong second-order nonlinearity for 

nonlinear optical devices. 
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We presented a novel emerging strong SHG in AB-stacked BLG induced by redox-governed 

charge doping, which has a similar strength as that from a monolayer MoS2. Annealing treatment 

promotes the ORR, leading to charge doping and inversion symmetry breaking in BLG. It is 

experimentally proved by measuring SHG variations with in situ electrical current annealing. The 

CT between the O2/H2O redox couple and BLG gives rise to the formation of an interlayer built-

in electric field between the top and bottom monolayers due to the inequivalent charge 

distributions. With that, the BLG changes from D3d to C3v point group, which is further confirmed 

by the polarization-resolved SHG and electrically gate-controlled SHG.  

Our results reveal that the charge doping on BLG by ORR is significant enough to induce an 

interlayer electric field comparable to that constructed by BLG’s intrinsic interlayer interaction, 

giving rise to inversion symmetry breaking. It provides a strategy to engineer nonlinear optical 

responses of graphene or other two-dimensional materials. On the other hand, the interface is 

important for two-dimensional materials. Though spectroscopy techniques of Raman, 

photoluminescence, and pump-probe are normally utilized to determine their interface states, our 

results indicate the SHG spectroscopy is more reliable and straightforward by characterizing 

whether SHG emerges or not in the centrosymmetric materials. 
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1. Determination of the thicknesses of graphene samples 

The graphene flakes are first distinguished by optical microscope using optical contrast method. 
Then we use Raman spectroscopy to determine the specific layer numbers of the graphene samples. 
All Raman spectra are recorded at room temperature in the air using the confocal WiTec Alpha 
300R Raman Microscope. The wavelength of the excitation laser is 532 nm and the power is 1 
mW. Figure S1a shows the Raman spectra of the mechanically exfoliated monolayer and bilayer 
graphene (MLG and BLG) in Figure 1a, while Figure S1b shows the Raman spectra of the 
transferred CVD-grown samples. The 2D band for BLG is fitted using four Lorentzian peaks. All 
of them have the same FWHM of 24 cm−1, which is consistent with the Raman properties of AB-
stacked BLG reported in the literature.1 No D band at ~1350 cm-1 can be seen in the Raman spectra, 
which means that the sample is of high quality.2  

 

Figure S1 Raman spectra of MLG and BLG prepared by mechanical exfoliation (a) and CVD-
grown (b). 
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2. Multiphoton Nonlinear Optical Microscopy System 

SHG measurements of the graphene samples are implemented in a home-built multiphoton 
nonlinear optical microscopy system with the reflection geometry, as illustrated in Figure S2. The 
fundamental pump from a picosecond pulsed laser at the wavelength of 1550 nm is linearly 
polarized via a polarizer. Then it is reflected by a dichroic mirror and focused on the sample 
through a 50× objective lens with a numerical aperture (NA) of 0.75. The generated SHG 
radiation is then back collected by the same objective and passes through the dichroic mirror, 
which is subsequently coupled to a spectrometer mounted with a cooled silicon CCD camera for 
spectra measurements. 

For SHG spatial mapping, samples are placed on a piezo-actuated stage with a moving step of 100 
nm for the in-plane scanning, while the excitation and collection light-spots are fixed. To study 
the polarization dependence of the SHG radiation, another polarizer is placed in the signal 
collection path, whose direction is rotated correspondingly to the pump polarization to collect the 
parallel or perpendicular components of the SHG signal. We note here that the polarizer is not 
placed in the signal path for spectra measurements. 

 

Figure S2 Schematic illustration of multiphoton nonlinear optical microscopy system.  

 

  



29 

3. Raman spectroscopy characterization and SHG of defects in BLG 

The Raman spectrum after annealing treatment is shown as the red curve in Figure S3a, where no 
defect-related D band is observed. However, as we increase the pump power in the SHG test, we 
observed the defects caused by high laser power by Raman spectroscopy, as shown in the blue 
curve in Figure S3a. The corresponding SHG results are shown in Figure S3b (the blue curve), 
where no SHG was observed at the defect position. The inset shows the optical microscope image 
of the sample in Figure S3c. 

 

Figure S3 Raman spectra (a) and SHG spectra (b) of annealed BLG and the BLG after high laser 
power irradiation. Inset in (b): Optical microscope image of the BLG sample. The red and blue 
dots indicate the corresponding position of the acquired spectra with the same colors in (a) and 
(b). 
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4. Change of THG intensity upon the charge doping by molecular adsorption 

The wavelength of the excitation laser source used in the THG measurement is tuned to 1620 nm, 
so the THG wavelength is 540 nm. After vacuum annealing and exposing the BLG to air, the O2 
and H2O molecules in the air are adsorbed on graphene. As shown in Figure S5, the THG 
intensities of both MLG and BLG have no significant changes before and after annealing. This is 
due to the low doping concentration introduced by molecular adsorption. According to the transfer 
curve measured in the in-situ electrical annealing experiment (see Figure 2d of the main text) and 
the calculation method in the literature,3 the doping concentration introduced by molecular 
adsorption in graphene is less than 1013 cm-2. This low doping concentration is not enough to shift 
the Fermi level of graphene to half of the incident photon energy (the photon energy corresponding 
to 1620 nm is about 0.77 eV and the half photon energy is about 0.38 eV). Therefore, the χ(3) of 
graphene and the corresponding THG intensity does not change significantly after molecular 
adsorption.4,5  

 

Figure S4 THG intensities of MLG and BLG before and after molecular adsorption. 
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5. Calculation of the parallel and perpendicular components of the SHG intensities 

The polarization-dependent SHG intensities could be analyzed from the second-order nonlinear 
susceptibility tensor d. We describe the SHG polarization P from the matrix calculation of P = dE 
in the x−y coordinate defined in Figure 3a. The pump laser is incident along the z-axis. The d for 
a crystal of class C3v is6 
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( )
( )
( )

( ) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )

31 22

22 22 31

31 31 33

2 0 0 0 0
2 0 0 0

2
2 0 0 0

2
2

x x

y y
x

z z
y

y z
z

x z

x y

E E
E E

P d d
E E

P d d d
E E

P d d d
E E
E E

 
 
 −        = −              
 
  

ω ω
ω ω

ω
ω ω

ω
ω ω

ω
ω ω
ω ω

 (2) 

For the electric field components (Ex, Ey, Ez) at the focus plane, because of the low numerical 
aperture of the used objective lens, Ez could be neglected. Considering an electric field E0 of the 
pump laser polarized along a direction with an angle θ to the x-axis, there are expressions of Ex=E0 

cos(θ) and Ey=E0 sin(θ). The generated SHG polarization components (Px, Py, Pz) can be regarded 
as electric dipoles oscillating at the SHG frequency. The SHG signal radiated from Pz can not be 
collected by the objective lens with a low numerical aperture. Therefore, only Px and Py contribute 
to the detected SHG intensity. The parallel and perpendicular components of the SHG intensities 
could be described as 

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )( )22 23 2
22 22 222 cos sin sin 3 sin cos sin 3x yI P P d d dω θ θ θ θ θ θ∝ + = − =  (3) 

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )( )22 23 2
22 22 222 sin cos cos 3 cos sin cos 3x yI P P d d dω θ θ θ θ θ θ⊥ ∝ − = − + = − (4) 
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6. SHG in CVD-grown BLG 

Figure S5a shows an optical microscope image of the sample transferred onto the same SiO2/Si substrate via 
the PMMA-assisted wet transfer method. The hexagon region is AB-stacked BLG surrounded by MLG, as 
confirmed by the Raman spectroscopy (Figure S1). SHG measurement of the as-transferred sample is carried 
out first by spatially mapping, as shown in Figure S5b. Except for parts with wrinkled graphene, there is no 
observable SHG signal from both MLG and BLG. SHG from the wrinkled region could be attributed to the 
stacking-induced centrosymmetry breaking. Then, we anneal the transferred sample in a vacuum and expose it 
to an air ambient to involve the adsorptions of O2 and H2O molecules. Interestingly, a significant SHG 
distribution is found in the spatial mapping image, as shown in Figure S5c. The polarization-resolved patterns 
of the emerging SHG intensity in Figure S5d are similar to that in Figure 4b, indicating the C3v point group after 
molecular adsorption. The solid lines are fitting curves, which are not in good agreement with the experimental 
results. It may be because the integrity of graphene lattice is destroyed during sample preparation and transfer, 
resulting in a weak SHG signal, which leads to the deviation between data and fitting. Although it deviates 
greatly from the fitting curves, it can still be seen that there are approximately six petals in each pattern. These 
results show that the emerging SHG induced by charge doping is also valid on the CVD-grown AB-stacked BLG 
samples.  

 

Figure S5. (a) Optical microscope image of a CVD-grown BLG sample transferred on the SiO2/Si substrate. 
(b,c) SHG spatial mapping of the BLG sample (b) before and (c) after annealing. (d) Polarization-resolved 
patterns of SHG intensity from the CVD-grown BLG sample. 



33 

References for Supporting Information 

(1)  Malard, L. M.; Nilsson, J.; Elias, D. C.; Brant, J. C.; Plentz, F.; Alves, E. S.; Castro Neto, A. H.; Pimenta, 
M. A. Probing the Electronic Structure of Bilayer Graphene by Raman Scattering. Phys. Rev. B - Condens. 
Matter Mater. Phys. 2007, 76 (20), 201401 DOI:10.1103/PhysRevB.76.201401. 

(2)  Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S.; Cançado, L. G.; Jorio, A.; Saito, R. Studying Disorder 
in Graphite-Based Systems by Raman Spectroscopy. Phys. Chem. Chem. Phys. 2007, 9 (11), 1276–1291 
DOI:10.1039/b613962k. 

(3)  Chen, C. F.; Park, C. H.; Boudouris, B. W.; Horng, J.; Geng, B.; Girit, C.; Zettl, A.; Crommie, M. F.; 
Segalman, R. A.; Louie, S. G.; Wang, F. Controlling Inelastic Light Scattering Quantum Pathways in 
Graphene. Nature 2011, 471 (7340), 617–620 DOI:10.1038/nature09866. 

(4)  Soavi, G.; Wang, G.; Rostami, H.; Purdie, D. G.; De Fazio, D.; Ma, T.; Luo, B.; Wang, J.; Ott, A. K.; Yoon, 
D.; Bourelle, S. A.; Muench, J. E.; Goykhman, I.; Dal Conte, S.; Celebrano, M.; Tomadin, A.; Polini, M.; 
Cerullo, G.; Ferrari, A. C. Broadband, Electrically Tunable Third-Harmonic Generation in Graphene. Nat. 
Nanotechnol. 2018, 13 (7), 583–588 DOI:10.1038/s41565-018-0145-8. 

(5)  Jiang, T.; Huang, D.; Cheng, J.; Fan, X.; Zhang, Z.; Shan, Y.; Yi, Y.; Dai, Y.; Shi, L.; Liu, K.; Zeng, C.; Zi, 
J.; Sipe, J. E.; Shen, Y. R.; Liu, W. T.; Wu, S. Gate-Tunable Third-Order Nonlinear Optical Response of 
Massless Dirac Fermions in Graphene. Nat. Photonics 2018, 12 (7), 430–436 DOI:10.1038/s41566-018-
0175-7. 

(6)  Boyd, R. W. The Nonlinear Optical Susceptibility. In Nonlinear Optics; Elsevier, 2020; Vol. 45, pp 1–64 
DOI:10.1016/B978-0-12-811002-7.00010-2. 

 

 


