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SI. Characterization of the CVD-grown graphene films

SI-1. Optical microscopic and SEM images of the graphene films

The homogeneity of the CVD-grown 5-layer and superimposed 10-layer graphene films on
quartz was examined in detail by using an optical microscope (Nikon Eclipse Ti with a 50x
objective lens). Figures S1la and S1b display two images that were zoomed on the edges of the 5-
and 10-layer graphene films, respectively. They clearly show the continuous smoothness of the
graphene films. Before the films were transferred onto quartz substrate, they were also examined
by a scanning electron microscope (SEM, Nova nanoSEM 230) for quality control. Figure Slc
presents such a SEM image of the 5-layer graphene on the copper foil, showing the desirable
features of a continuous even surface. The insets in Figure S1d depict the photos of the 5-layer

and 10-layer graphene films on a large scale.
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Figure S1.  (a) and (b) show the optical microscopic images of the 5- and 10-layer graphene
films on quartz, respectively; (c) displays the SEM image of the 5-layer graphene film on copper
foil; (d) shows the reflection contrast spectra of the 5- and 10-layer graphene films on quartz, and
insets show their large-scale optical images; (e) shows the micro-Raman spectra of the
monolayer (black) and 5-layer (red) graphene films on quartz; and (f) displays the micro-Raman
spectra of the 5-layer (black), 10-layer (red), 15-layer (blue), and 20-layer (dark cyan) graphene

films on quartz.



SI-2. Micro-Raman spectra of the 1-, 5- and 10-layer graphene films

A micro-Raman spectrometer (WITec Alpha300 R with a laser wavelength of 532 nm, 50x
objective lens) was employed to characterize the crystalline quality of the synthesised graphene
films. Because the graphene films have a size of ~ 8 x 10 mm?, we randomly selected 10 areas of
1 x 1 mm? on every film for micro-Raman inspection to ensure their spatial uniformity. (These
areas were also used in the experiments described in the following Sections, and in the main
text) No significant difference in these Raman spectra was found, indicating a high spatial
uniformity.

The black curve in Figure Sle displays a representative micro-Raman spectrum of the
monolayer graphene film transferred to quartz substrate. Two primary features are pronounced in
all the spectra, including (i) a G peak located at ~ 1580 cm™ caused by the in-plane optical
vibration (degenerate zone center E;y; mode) and (ii) a 2D peak located at ~ 2700 cm™*
corresponding to the second-order zone boundary phonons, close to reported values.’” We find
that the 2D to G peak intensity ratio I,p/lg of the Raman spectrum is ~ 2.1 and the full width at
half-maximum (FWHM) of its symmetric 2D band (single-Lorentzian profile as shown in the
bottom inset of Figure Sle) is ~ 32 cm™. Both these two features were studied before'” and
support that the graphene is single layer. The absence of the disorder-induced D peak (~ 1350
cm™) indicates very low defect density and very high crystalline quality in the monolayer
graphene film as reported by Ref. [1,8]. The red curve in Figure S1le shows an increase in G peak
and also a decrease in 2D peak, indicating the formation of multilayer graphene, similar to

2-4,6,7

previous results on CVD graphene. Moreover, the 2D to G peak intensity ratio l.p/lg

becomes ~ 0.45 < 1 and the FWHM of the symmetric 2D band is ~ 70 cm™, revealing that the



layer number of the multilayer graphene film should be larger than three. #*®" This finding is
also consistent with the experimental data in Section SI-3.

Although a weak disorder-induced D peak is observed in the 5-layer graphene film, the typical
D to G intensity ratio Ip/lg is ~ 0.09 < 0.1, indicating both low density of defects and high
crystalline quality.>” Despite its multilayer nature, however, we did not observe the multi-peaked
and "shouldered" 2D peak in the 5-layer graphene film, which is the hallmark of HOPG-
mechanically exfoliate multilayer graphene samples and results from strong interlayer
coupling.>*#*° Furthermore, the 2D peak shows a single-Lorentzian line shape as demonstrated
in the top inset of Figure Sle. These experimental data support that interlayer coupling is so
weak that can be neglected in the 5-layer graphene film.>*® The 5-layer graphene film resembles
multilayer turbostratic graphene with turbostratic random stacking.****? Therefore, such a 5-
layer graphene film exhibits electronic properties similar to those of a single-layer
graphene.>*#113 |n addition, its 2D peak has a slight up-shift (~ 20 cm™) relative to that of the
monolayer graphene, similar to the previous Raman spectra on CVD-grown multilayer

2-4,6,7

graphene and turbostratic graphite,** further demonstrating the insignificance of interlayer

coupling. Our conclusion is consistent with many reports 242

that weak interlayer coupling
(and the resultant symmetry of the 2D peak) is a common feature of CVD-grown multilayer
graphene.

As comparison, the micro-Raman spectra of the superimposed 10-, 15-, and 20-layer graphene
films are shown in Figure S1f, together with that of the 5-layer graphene film. As the 5-layer
graphene films are stacked sequentially,>”!® the intensities of the G- and 2D-band peaks

increase, but no significant change in the G to 2D ratios was found, similar to the previous report

on CVD graphene.® This supports that there is nearly-zero interlayer coupling between the 5-



layer graphene films. As such, the electronic properties of the superimposed 10-, 15-, and 20-

layer graphene films are also similar to those of a single-layer of graphene.>***°

SI-3. Reflection contrast spectroscopy of the 5- and 10-layer graphene films

17,18

Reflection contrast spectroscopy was utilized to characterize the thickness (or layer

number) of the CVD-grown multilayer graphene films. The reflection spectra, Ro(A), from bare
quartz substrate and R(A) from graphene sheet on quartz substrate were measured with an optical
microscope (Nikon Eclipse Ti), a white light source (tungsten halogen lamp) and a spectrometer
(Avaspec-2048-SPU). A 50x objective lens with a numerical aperture of 0.80 was used and the
spot size of the white light was estimated to be ~ 1.5 pgm determined by a scanning edge
method.™ The reflected light was collected by using backscattering configuration. The contrast

spectra, C()), are defined by:*"®

Co = Ro@) — R )

Ro()

It was reported 2°?! that the contrast values are around N x (-0.068) for multilayer graphene (N
=1, 2, ..., to 10) on quartz substrate. Figure S1d shows two examples for the contrast spectra of
our graphene films (N = 5 and N = 10) on quartz. The contrast spectra are nearly flat in the
spectral range of 450-600 nm, similar to the previous reports.’>?* By comparison between our
contrast values (-0.31 and -0.63) and the reported values in Ref. [20,21], the layer number of the
graphene films was determined to be 5 and 10, respectively.

Furthermore, the 1PA spectra of the 5- and 10-layer graphene films on the quartz were also

measured and two of the spectra are shown in the Figure 1 of the main text. It is known that



single-layer graphene should absorb an amount of 2.3% of incident light power across the NIR
spectral region.?**® By comparing the percentage of absorbed NIR light power in the multilayer
graphene with the single-layer value of 2.3%, the number of graphene layers was obtained and

found to be consistent with the results from the above-said reflection contrast spectroscopy.

SIl.  Z-scans on the 1-, 5-, 10-, 15-, and 20-layer graphene films

SII-1. Z-scans on the 1-layer graphene film at 800 and 535 nm

Figures S2a,b display the measured Z-scans on the 1-layer graphene sample at 800 and 535 nm
and under laser pulses excitation of various peak intensities (lpo). (The definition of Iy can be
found in the main text.)

Both optical microscopic images and AFM images (Figures S2c-j) of the focal spots on the 1-
layer graphene sample taken before and after these Z-scans show no damage was induced by the
laser illumination (0.4 - 20 GW/cm?). Figure S2k displays the optical microscopic image of the
sample edge between graphene and quartz substrate to help us identify the single-layer graphene
on quartz. We acquired the optical microscopic images utilizing the Nikon Eclipse Ti optical
microscope with a 50x objective lens, and the AFM images were obtained in the tapping mode
of the atomic force microscopy (AFM, BRUKER Dimension FastScan). Relative displacement
from one of the quartz corners to the focal spot was recorded to make sure that the optical and

AFM images were acquired on the laser focal spot.
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Figure S2. (a,b) Open-aperture Z-scans on the 1-layer graphene sample at 800 and 535 nm,
respectively. The symbols are the experimental data at various values of lpp. The green lines are
Z-scans on quartz substrate at loo = 20 GW/cm?. (c-j) The optical microscopic and AFM images
of the focal spot on the 1-layer graphene sample on quartz before and after the Z-scans, the
height profile below figure (d) is corresponding to the white-line. (k) The optical microscopic
image of the sample edge between 1-layer graphene and quartz substrate.

SII-2. Z-scans on the 10-layer graphene film at selected wavelengths in the range
from 435 to 1100 nm

The open-aperture Z-scans were carried out with femtosecond laser pulses on one of the ten
areas (1 x 1 mm®) of the 10-layer graphene film. Figure S3 displays the measured Z-scans on the
graphene film at selected wavelengths in the range from 435 to 1100 nm and with various peak
intensities (lpo) of the excitation laser pulses. (The definition of loy can be found in the main
text.) In Figure S3, the colored symbols are the measured Z-scan data. From these measured Z-
scans, we obtained their corresponding plots of normalized transmittance change (AT/Ty) atz=0
as a function of lgy, as displayed by the symbols in Figure S4. The solid curves in Figures S3 and
S4 are the modeling of a = a/[1+1/l5] + S, (see eq. 2 in the main text), where ap = Natmono,
omono 1S the 1PA coefficient of single-layer graphene, N is the layer number,

B=PBronoN?1(1+0.023N /2)°, and Smano i the 2PA coefficient of single-layer graphene. On the

other hand, the dashed curves in Figure S4 are the modeling of the above equation without the
2PA term using a = ao/[1+1/l5] and S= 0. The parameters used in the modeling to fit the
experimental data in Figures S3 and S4 are listed in Table S1. Here, the experimental error of 10-
15% results mainly from the uncertainty in fluctuation of input laser pulse energy and

determination of laser beam characteristics such as minimum beam waist and pulse duration.
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Figure S3. Z-scans on the 10-layer graphene sample at selected wavelengths in the range (a)
from 1100 to 640 nm and (b) from 575 to 435 nm. The symbols are the experimental data at
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various values of lp. The solid curves are the theoretical fits based on eq. 2 in the main text. The

green lines are Z-scans on quartz substrate at loo = 20 GW/cm?.
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Figure S4. Plots of AT/T, vs. lgo at z = 0. The symbols are the experimental data at various

values of loo . The solid and dashed curves are the modeling with § # 0 and = 0, respectively.
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Table S1. Fitting parameters used in the modeling of Z-scans on the 10-layer graphene sample at

selected wavelengths in the range from 1100 to 435 nm as in Figure S3 and their corresponding

plots of AT/Tq vs. lop at z =0 as in Figure S4.

Fitting
Wavelength
= = 2
1100 nm Qlmono Is=2.3+£0.3 GW/cm
7.14£0.8x10° cm™ | Brono = 0.86  0.09 cm/MW
= = 2
1000 nm Qlmono Is;=3.1£0.4 GW/cm
7.240.8%x10° cm™ | Brmono =0.79 £ 0.08 cm/MW
S00nm Olmono = I,;=5.7+0.7 GW/cm?
7.440.9x10° cm™ | Bono = 0.69 £ 0.07 cm/MW
800 nm Clmono = I,;=75+1.0 GW/cm?
7.74£0.9%x10° cm™ | Brmono = 0.60 £ 0.06 cm/MW
- Clmono = I,=9.0+1.2 GW/cm?
8.1+0.9%10° cm™ | Bmono = 0.43 £ 0.05 cm/MW
P Clmono = I,;=10.0 + 1.3 GW/cm?
8.4+ 1.0x10° cm™ | Brmono = 0.55 £ 0.06 cm/MW
575 nm Clmono = I,=13.0+ 1.7 GW/cm?
8.7+ 1.0x10° cm™ | Brmono = 0.67 £ 0.07 cm/MW
535 nm Clmono = I,=125+1.6 GW/cm?
9.1+1.0x10° cm™ | Brmono = 0.81 £ 0.09 cm/MW
- Clmono = I,=17.0+2.2 GW/cm?
9.5+ 1.1x10° cm™ | Bmono = 0.62 £ 0.07 cm/MW
- Clmono = I,=18.0+2.3 GW/cm?
9.9+ 1.1x10° cm™ | Bmono = 0.55£0.06 cm/MW
P Clmono = I,;=21.5+2.8 GW/cm?
105+ 1.2x10° cm™ | Brono = 0.36 £ 0.04 cm/MW

As shown clearly by Figure S4, the nonlinear signals (AT/To) are dominated by 1PA saturation

at relatively lower excitation (lop < 5 GW/cm?, or below the saturation intensity, ls). However,

the 2PA manifests itself in the higher excitation regime, which can be identified from the

deviation of the measurements in Figure S4 from the dashed curves in the higher excitation

12



regime, demonstrating that both 1PA saturation and 2PA should contribute to the overall
nonlinear signal.

From Table S1 and also Table S2 shown below, the saturation intensity is Is ~ 7.5 + 1.0

GW/cm? at 800 nm, close to the experimentally measured values on epitaxial graphene,?* and it

is also on the same order of magnitude as the theoretical calculation.”® This validates our Z-scan
analysis.

SI1-3. Z-scans on the 5-, 10-, 15-, and 20-layer graphene films at 800 and 535 nm
Figures S5a,b display the Z-scans (symbols) measured at 800 and 535 nm on the 5-, and
superimposed 10-, 15- and 20-layer graphene films, respectively. Figures S6a,b show the
corresponding plots of AT/Ty (at z = 0) vs. lgo. In Figures S5 and S6, the symbols are the
experimental data, and the curves are the modeling. The fitting parameters are listed in Tables S2
and S3.
Figures S7a-p display both optical microscopic images and AFM images of the focal spots on

the 5- and 10-layer graphene samples before and after the Z-scans at 800 and 535 nm. These

images demonstrate no damage was induced by laser illumination during the Z-scans.
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Figure S5. Open-aperture Z-scan measurements on the 5- and superimposed 10-, 15- and
20-layer CVD-grown graphene films on the quartz substrate at 800 and 535 nm. The
symbols are the experimental Z-scan data at various values of lyp. The solid curves are the

theoretical fits based on eq. 2 in the main text. The green lines are Z-scans on quartz substrate at

loo = 20 GW/cm?.
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Figure S7. (a-h) Both optical microscopic and AFM images of the focal spot on the 5-layer
graphene sample on quartz before and after the Z-scans at 800 and 535 nm, the height profile
below figure (b) is corresponding to the white-line. Note that the crossing line in the AFM image
(h) is believed to be due to the experimental error from the set-up. (i-p) Both optical microscopic
and AFM images of the focal spot on the 10-layer graphene sample on quartz before and after

the Z-scans at 800 and 535 nm.

Table S2. Fitting parameters used in the modeling of Z-scans at 800 nm on 5, and superimposed
10-, 15- and 20-layer graphene samples as in Figure S5a and their corresponding plots of AT/Ty

Vvs. lgp at z = 0 as in Figure Sé6a.

Fitting
Number

5 layers Qtmono = I, =6.7+0.9 GW/cm?
7.540.9x10° cm™ | Bono = 0.63 % 0.07 c/MW

10 layers Qtmono = l,=75+10 GW/cm?
7.74£0.9x10° cm™ | Byono = 0.60 % 0.06 cm/MW

15 layers Clmono = I,=7.7+£1.0 GW/cm®
7.840.9x10° cm™ | Byono = 0.57 % 0.06 c/MW

20 layers Qtmono = l,=82+1.1 GW/cm?
7.840.9x10° cm™ | Byono = 0.58 % 0.06 cm/MW
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Table S3. Fitting parameters used in the modeling of Z-scans at 535 nm on 5, and superimposed
10-, 15- and 20-layer graphene samples as in Figure S5b and their corresponding plots of AT/Ty

vs. lgp at z = 0 as in Figure S6b.

Fitting
Layer —— === o m=m = Em Em
Number
5 layers Cmono = I, =11.5+1.5 GW/cm?
8.7 1.0 x10° cm™ | Brone = 0.85 + 0.09cm/MW
10 layers Omono = Is=125+1.6 GW/cm2

9.1+1.0x10°cm™ | Brono = 0.81 £ 0.09 cm/MW

15 |ayer5 Olmono = I;=13.1+17 GW/cm?
9.2+ 1.1 x10° cm™ | Brono = 0.80 + 0.08cm/MW

20 layers Qmono = I,=145+1.9 GW/cm?
8.9+ 1.0 x10° cm™ | Brone = 0.84+ 0.06 c/MW

1.0 = 2PA coefficient; A =800 nm - 1.2| = 2PAcoefficient; %_=535nm |
— Brono = 0.6 cm/MW ' —— B, = 0.82 cm/MW
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Figure S8. Bnono Values measured at 800 nm and 535 nm as a function of layer number. The
black symbols are the obtained fnono values at 800 nm and 535 nm, the solid red lines are
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